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Abstract

The mainaim of the presenstudyis to describe&he vertical structure of thatenseMediterranean
dust outbreaksbased orthe use of satellite andurfacebasedretrievalgmeasuremenisStrong and
extreme desert dust (DD) episodes are identified at 1° x 1° spatial resolution, over thperk@aD0
T Feh 2013 through the implementation of an updated objective and dynamic algoAttoording to
the algorithm, stron@D episodes occurring at a specific place correspond to cases in which the daily
aerosol optical depth at 550nrA@Dssonm) exceeds or equals the leteym meanAODssonm(Mean)
plus two standard deviationsStf), but being smaller tharMean+4*Std Extreme DD episodes
correspond to cases in which the daf{)Dssonm value equals or exceeddean+4*Std For the
identification ofDD episodesadditional optical propertigngstréom exponenfine fraction,effective
radiusandAerosol Inde) derived by the MODISTerra& Aqua(alsoAOD retrievals) OMI-Aura and
EP-TOMS databases are usaslinputsAccording tothe algorithm using MODISTerra data, wer the
periodMar. 20007 Feh 2013, stronddD episodes occur more frequentlyp(to9.9 episodes yt) over
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the western Mediterranean whilee corresponding frequencies for the extreme onesnaaéler(up to
3.3 episodes ¥, central Mediterranean Sedh contrast to their frequency, dust episodes are more
intense(AODs up to 4.1), over the central and eastern Mediterranean &&ahe northern African

coastsSlightly lower frequencies and higher intensities are found when the satellite algorithm operates

based on MODISAqua retrievals, for the period 2008012 The consistenc of the algorithm is
successfully tested through the application of an alternative methodology for the determinBimn of
epi sodes, which produced similar features of
higherfrequencies and lowentensities The performance of the satellite algorithmagsessedgainst
surfacebaseddaily datafrom 109sunphotometri AERONET) and 22PMjo stations.The agreement
between AERONET and MODIBOD is satisfactory R=0.5050.75) improving considerablyhen
MODIS level 3 retrievals withhigher subgrid spatial representativeness and homogeneity are

consideredThrough the comparison agairi&tlio concentrationsit is found that the psence of dust

t

is justified in all ground stations with success scores ranging from 68 % to 97%. However, it is

revealed a poor agreement between satellite and g®Maglobservationsn the western parts of the
Medi terranean attributed to t haadthe dighaltittde of dustt
presenceThe CALIOP vertical profiles of pure and polluted dust observationgrendssociatetbtal
backscatter coefficient at 53fn (bs32nn), indicatethat dust particles are mainly detected between 0.5
and 6km, though they cameach8 km between the paralle32° N and 38° Nn warm seasonsAn
increasednumber of CALIOP dust recordst higher altitudes is observed withicreased latitude,
northwards to 40° N, revealing an ascending mode of the dust trartépedver, the overall inteitg

of DD episodes is maximum (up to 0.006 kmsrl) below 2km and at the southern parts of the study
region (30°N - 34° N). Additionally, theaveragehickness oflust layers graduallgecreasefom 4to

2 km moving fromSouthto North. In spring,dust layers omoderateto-high bsz2nmvalues(~ 0.004 km

1 sr1) are detected over the Mediterrane@s°(N - 42° N), extending fron? to 4 km. Over the western
Mediterranean, dusayersareobservedetween 2 and Bm, whiletheir base height is decreased down
to 0.5km for increasing longitudesnderlying the role of topography and thermsahvection The
vertical profiles ofCALIOP bsz2nmconfirm the multilayered structure tdie Mediterranean desert dust
outbreakson both annual and seasondlass, with several dust layeref variable geometrical
characteristiceand intensitiesA detailed analysis of the vertical structure of speddid episodes
using CALIOP profiles reveals th#te consideration of the dust verticstiructure is necessary when
attempting comparisons betwesslumnar MODISAQOD retrievals and grounBMjo concentrations.
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1. Introduction

The Mediterranearbasin, due to its proximity to thmajor dust source arid areas of Northern
Africa and Middle East (Middleton and Goudie, 2001; Prospero et al., 2002; Ginoux et al.j2012)
frequentlyaffected bytransportedhigh dust loadseferred to agpisodes or event$he suspension and
accumulation ofmineral particles into the atmospheveer theSahar an and Ar abi at
desertsare determined byarious factors such abke enhanced turbulencspil conditions (reduced
vegetation cover and soil moisturedduced precipitation amountatitudinal shift of the Intertropical
Convergence ZondTCZ) as well ady small scale meteorological procesgeg. haboobsHowever
dust particlesan betransported far away from their sourcesinly towards the Atlantic Ocear.g.
Prospero and amb, 2003 BenAmi et al., 2010;Huang et al., 200)0and Europed.g. Mona et al.,

2006; Mona et al., 2012Papayannis et al., 200Basart et al., 2012Begue et al., 2012Pey et al,

2013, favoredby the prevailing atmosphermrculation patterns, fronplanetary to synoptic scales.

Due to their frequent transport in the Mediterran@aimeral dust particlesonstitute the predominant
aerosol type theréBarnaba and Gobbi, 200Basart et al.2012, as shown by the good agreement, in
spati al ter ms, bet ween t he geAOp(Gkikab étal.ad0l3dands t r i
averageAOD conditions(Papadimas et ak008).

Dust particles play an important role for the shortwaS&/f and laagwave (W) radiation budget
(e.g. Kaufman et al., 2002; Tegen et al., 2003; Heinold et al.,; Z168rd et al., 2014; Nabat et al.,
2015 and climate (IPCC, 2013). They affect atmosphéeating/cooling rates (e.g. Mallet et al.,
2009) while they can ab result in a modification of atmospheric dynamics and large atmospheric
circulations like monsoons (e.g. Lau et al., 2006; Bollasina et al.,, 2011), cloud properties and
precipitation (e.g. Huang et al., 2006; Solmon et al., 200Ryeover it has beenown thatthe
consideration of their radiative impacts in numerical simulations can improve the forecasting accuracy
of weather models (Pérez et al., 20@)st particles also affect air quality in urban areas (Basart et al.,
2012) causing adverse heatitiects Diaz et al., 2012; Karanasiou et al., 2012; P&awriaPandoet
al., 2014. All these consequences of dust aerosol are relevant and maximize under maximum dust
loads, namely dust episodes, highlighting thus the significance of analyzing tla apdttemporal
characteristics of such eveni® this aim, many studies have been carried out using sitinirce(e.g.
Cachorro et al., 2006) or satellite (e.g. Moulin et al., 1998) observatiensvell as modéng
techniques (e.g. Heinold et alQ@7) focusing on the broader Mediterranean area. These studies have
been done either for specific cases (e.g. Kubilay et al., 2003; Balis et al., 2006) or for extended periods

at specific locations (e.g. Meloni et al., 2007; Toledano et al., 2@glabi & al., 2013; Mona et al.,
3



98 2014). Recently, Gkikas et al. (2013) developed an objective and dynamic algorithm relying on satellite
99 retrievals, which enabled an overall viest dust episodes over the entire Mediterranean and the
100 characterization of their rege (i.e., frequency of occurrence, intensity and duration)

101 Extensive esearch haalsobeencarried out on thenechanism®f Mediterranean dust outbreaks.

102 Therefore, severahechanisms and processes of transport, apart from dust emissions inaseas;e

103 have been proposek controlling factorsMoulin et al. (1997)showedthat the exported dust loads

104 from Northern Africatowards the Atlantic Ocean and the Mediterranean are controlled by the phase of
105 the North Atlantic Oscillation NAO). Other studes, focused on the description of atmospheric
106 circulation characteristicvoring the occurrence of desert dust outbreaks overahial (Barkan et

107 al., 2005; Meloni et al., 2008) or westefuerol et al., 1998; Rodriguez et al., 208&ajvador etl.,

108 2014) Mediterraneanbut on a synoptic scaléAn objective classification, based on multivariate

109 statistical methods, of the atmospheric circulation patterns related to dust intrusions over the
110 Mediterranean, has bepresentedby Varga et al. (2014andGkikas et al. (208).

111 The concentration of dust aerosols in the Mediterranean is characterized by strong spatial and
112 temporal variability, associated withe seasonal variability afyclonesdominaing or affectng the
113 broader Mediterranean bagifrigo et al., 2002)According to Moulin et al. (1998), dustOD levels
114 are higher in spring and summer compdarethewet seasons of the year. Moreoveust intrusionsre
115 mainly recordedover the southeasterMediterranearin spring and winterpver the westernpartsin

116  summer anaverthecentralonesin autumn (Gkikas et al., 2013).

117 Dust transport over the Mediterranearcisracterized by a mulkayered structure (Hamonou et
118 al., 1999 Papayannis et al., 200& contrast to the Atlantic Oceawhich is well confined to the
119 Saharan Air Layer3AL, Karyampudi et al., 1999)he vertical distribution oflust loadinto the
120 troposphereas well astie profile ofd u st a eptical properset different altitudescontrol the
121 impacts on atmospherdynamicsinduced by the mineral particldZhang et al., 2013)n order to
122 describe the geometrical features dafist transport many researchers have dsground lidar
123 measuremenisnodel simulations (Alpert et al., 2004; Kishcha et al. 2af)5)hey have relied on a
124  synergistic use of satellite observations and ground lidar proBleghjer et al., 2006 The vertical
125 extension of the Saharan dust intrusions over Europe, during the peric@ @®)0vas the subject af
126 comprehensivatudyby Papayanis et al. (2008)who used lidar measurements froime EARLINET
127  (European Aerosol Research Lidar Network, Bosenberg et al., 2008)the Mediterranean stations,
128 themeanbase top and thicknessf dust layersvas found tovary from 1356 to 2980 m, 3600 to 5900
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129 m and 726 to 3340 m, respectiveAccording to the obtained resultsacers of dust particles can be
130 detected up to 1@m, asalso reported by Gobbi et al. (200®ho studied a Saharan duestent in
131 Crete South Greecegdluring spring of 1999

132 Several similar studies have been also performed for specific Mediterranean locationsrbased
133 EARLINET lidar measurement$or exampleMona et al. (2006analyzed the vertical structure of 112
134  Saharan intrusionthatoccurredover Potenzgltaly), from May 2000 to April 2003The authorgound
135 that these outbreakse confined between 1.8 andken while their massenteris located at 3.%km

136 above sea level (a.s.lA. similar analysidor Athens and Thessalonikver the period 206Q002,was
137 conductedoy Papayannis et al. (200&%ho demonstratethat dust layerarerecorded mainly between
138 2 and 5km while their thicknesses vary frofi2to 3km. The geometrical characteristics of dust layers
139 over Athensduringthe period 2004 2006, have been also presented by Papayannis et al. ,(20@0)
140 pointed outthat the center of mass of dust layers is locatéti9atm being in a very good agreement
141 with Kalivitis et al. (2007) findinggaround 3km) for the easternMediterraneanAdditionally, the
142  authorsreportedthat the dust layers maingxtendfrom 16 to 58 km while mineral particles can be
143 detectedat very low concentrationsp to 8km a.s.l. Gobbi et al. (2013) found that dust plumes over
144 Rome mainly exted from O to 6km while their center of mass is locatatiaround 3km. In the
145 southern parts of Italy (Potenza), dust lagdrase is found between 2 andk®, their geometrical
146  height extends from 2.5 tokin while tracers ofdust particlexzan bedetected up to 1km, based on a
147 dataset of 310 dust events analyzed by Mona et al. (2Bidlly, Pisani et al. (20113tatedthat the
148 mean base and top of dust layers is found.@kih and 46 km a.s.l., respectively, while their mean
149 thickness is ecal to 31 km, based on a&tatistical analysis of 45 deseltistepisodesobservedover
150 Naples (Italy) from May 2000 to August 2003

151 Surfacebasedlidar measurementbke those used in the aforementioned stugiesvide useful

152 information about thgeometrical and optical properties of dust laybut theyare representativenly

153 for specific locationsYet, a more complete knowledge about the vertical strucfudeist outbreaks is

154 necessary in order to adequately understand and determine their possible Hiegsographical

155 limitation imposed by the use of surfabased lidar observations can be overcome by utilizing accurate
156 satellite retrievalsas a comiementary togl which provide extendedspatial coverageSince 2006,

157 vertical resolved observations of aerosaigl cloudsfrom spacewere madepossible thanks to the

158 CALIOP (Cloud-Aerosol Lidarwith Orthogonal Polarization)idar flying onboard the CALIPSO

159 (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite (Winker et al., 2009).

160 Based on CALIOP observations, Liu et al. (2088alyzed the global vertical distribution of aerosols
5
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for one yearwhile otherstudies focused on the vertical structure of dust outflows towards the Atlantic
Ocean é.g9. BerAmi et al., 2009; Adams et al., 2012; Tsamalis et al., pahd the Pacific Oceae.Q.
Eguchi et al., 2009ara et al., 2000 On the contrary, over thieroader Mediterranean areanly a
small number of studies fdeen made aimingt describinghe vertical distributiorof dust aerosols
(Amiridis et al., 2013) orspecifying the vertical structure of dust events (Amiridis et al., 2009).
Nevertheless, thyeonly dealt with a single dust event (28 May 2008, Amiridis et al., 2009) and thus
cannot satisfy the need ikaow the general vertical structure of Mediterranean dust episodes.

The main target of the present study is to describe the Mediterraneanddss@utbreal®vertical
structure For this purposesatellite retrievals derived by the MODBT®rra/Aqua,EP-TOMS, OMI-
Aura and CALIOPCALIPSO databases (Secti@pareused in a synergistic wayhe distoutbreaks
are identifiedwith an objective and dynamic algorithrivhich usesappropriateaerosol optical
properties representative 8f s p e n d e d logdasizet andcnbtwéSertion 3) First, the outputs of
the satellite algorithm are compared versus surface measurements provided by AEROR¥®:b or
stations, located within the study region (Sectial).4Additionally, useful information about various
optical and physical properties under interthest episodes conditions is also derived from the
aforementioned analysig.hen, the primary characteristicef the intenseMediterraneardesert dust
(DD) episodes namely their frequency and intensigre describedin Section4.2. Just in order to
assess the consistency of the algorithmdé conce
DD episodess also applied and the obtained results are-twerpared with the basic methodology.
For the identifiedDD episodes,collocated CALIOPCALIPSO vertical feature mask and total
backscatter coefficienat 532 nmretrievalsare used in order to describe the annual and seasonal
variability of dust outbreal®vertical extensiorover the Mediterranea(Section4.3). Moreover, in
Section 4.4a thorough analysis of specific Mediterrand2iD episodes is made, in order to examine
how the vertical distribution of desert dust outbreaks can affe@grement between MODISOD
andPMyo data Finally, the summary andonclusions are drawn in Sectibn

2. Satellite and surfacebased dita

The dfferenttypes of satellite retrievathathave beemsed as inpstto the objective and dynamic
satellitealgorithmare described belgmamelythe MODIS (Section 2.1.1)EP-TOMS and OM{Aura
(Section 2.1.2) databaseslso, CALIOP-CALIPSO vertically resolved satellite dat@oincident with

the identified desert dust outbreaks by the satellite algorinendescribed in Section 2.1Rnally,
6
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surfacebased sunphotometric AERONET retrievals andPMio concentrations, both usefdr the
comparison against t h e, are @dsaibedt iint Sectioasl 2dlrand 22120 s

respectively

2.1 Satellite data

2.1.1MODIS

MODerate resolution Imaging Spectroradiometer (MODIS) onboard the Terra and Aqua satellites
with daytimelocal equator crossing time at 10:30 and 13.B0C, respectively, and 2330 km viewing
swathi acquiesmeasurements at 36 spectral bands betweeb @dd 14.23%m with varyingspatial
resolution of 250, 500 and 1000. @bservations from Terra and Aqua anade continuouslgince
February 2000 and July 2002, respectively, aamd available from the LAADS website
(ftp://ladsweb.nascom.nasa.gpvAerosol optical propertiesre retrievedthrough the Dark Target
(DT) algorithm(see e.g. Kaufman et al., 1997, 2001; Tanré et al., 1997; Levy et al., 2003; Remer et al.,

2005)where different assumptions are considered depending on the underlying surface type (land or
ocean).Several evaluation studi€s.g. Remer et al., 2008; Papadimas et al., 2089y et al., 2010

Nabat et al.,, 2013pave shown thaherosol optical deptlAOD) can be retrievedatisfactorilyby

MODIS, neverthelessts performance is better over semd¢ertainty equal te 0.03 + 0.05 xXAOD;

Remer et al., 2002) than over lard0(05 +0.15 XAOD; Levy et al., 2010).

The following daily MODIS-Terra and MODISAqua Collection 051 (CO51evel 3 satellite data
(MODO08_D3 and MYDO08_D3 filesprovidedat 1° x 1° latitudelongitude spatial resolutioare used:
(i) AODssonm (i) Angstrom exponent over landh(7 o1 6} o(iih Angstréom exponenbver ocean
(G5 5 01 8 ) 5(ivi fine-mode fraction FF) of AOD over land and ocean and (v) Effective radius over
ocean (er). It must be mentioned that the size parametdr&f) over land are less reliable compared
to the corresponding ones over sea, sthegare highly sensitive to spectral dependent factors such as
errors in the surface model or sensor calibration changes. Over sea, the accuracy of size parameters is

strongly dependent on wind conditions.

Similar data have been used by Gkikas et al. (20H®)wever in the present studwe have
improved data quality by usinthe quality assuranceeighted (QA) level 3 data (http://modis
atmos.gsfc.nasa.gov/_docs/QA_Plan_2007 04 I1Pdadived from the level 2 retrievals (kén x 10



ftp://ladsweb.nascom.nasa.gov/
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222  km spatial resolution)Each level 2 retrieval, is flagged with a w#lue (from 0 to 3) corresponding to

223 confidence levels (No confidence: 0, Marginal: 1, Good: 2 and Very Good: 3). Based on this, the level
224 3 QA-weighted spatial means are obtained by the corresponding level 2 retrievals considering as
225 weight their confidace level (bit value)ln addition the day cloud fraction as well as the number of

226 level 2 countswhich are both relevant to the performance of the satellite algoréiena)sousedin

227  this study The time series of daily MODIS aerosol data coverliBgr periodMarch 2000February

228 2013 (Terra) andhe10-yr periodJanuary 200®December 2012 (Aqua)

229
230 2.1.2EP/TOMSand OM}Aura

231 The selected retrievals from MODIS provide information alpuat r t load(A©B) &nd size(U

232  FF, re), which are botmecessary to identify dust episodes. However, since dust is not the only coarse
233 aerosol, for example sealt can be so as welgnother optical property indicative of particle

234 absorption efficiency is also required by the algorithm.atidress this issue, tdsorption Aerosol

235 Index (Al) daily data were also used, derived from measurements taken by the Total Ozone Mapping
236 Spectrometer ( TOMS) i nst r u-Rrebe tsatelotef2000 20049 andt thee NA
237 Ozone Monitoring Instr me n t ( OMI ) onboard t (ReO520L8)SA 5ghe Aur a
238 primary TOMS aerosol product (Herman et al., 199d3ed on a spectral contrast method ld\a

239 region (331360 nm) where ozone absorption is very sraatl can be used for the distinctioetween

240 scattering (e.g. sesalt) and absorbing (e.g. desert dust, smakedsols. The retrieval algorithffully

241 describedby Torres et al., 1998; 2002; 200&kes advantage of the low surface albedthe UV

242  spectrum rangesven in arid and sdrarid areas, makinthuspossible the estimation of t#e€OD over

243  highly reflecing desert surfacesvhere the major dust sources are locatidcethel at e 700 s,
244 TOMS sensor onboard Nimbis(19781 1993) and Earth Probe (19962005) has beenproviding

245 global aerosol measurements. With the deployment of the-A@®& OMI (Ozone Monitoring

246  Instrument) in mieR004 (Torres et al., 2007) the né#y aerosol record continues to be extended into
247 the foreseeable futur@OMI is a hyperspectral sensarovering the 274600 nm rangelaunched

248 onboard the EO@ura satellite on July 15, 2004 (1:38 pm equator crossing time, ascending mode)
249  providing almost daily global coverage thanks tanitde viewing swathZ600 kmwith 13 km x 24 km

250 nadir resolution Apart from Al measurementsQMI aerosol products includalso the total and

251 absorptionAOD andthe single scattering albedat 388 and 500nm (Torres et al., 2007 Both ER

252 TOMS and OM{Aura retrievals are available via the Mirador ftp sertip(//mirador.gsfc.nasa.qggv/
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of the Goddard Earth Sciences Data and Information Services Center (GES OMICAura data as
MODIS, are provided at 1° x 1° spatial resolutwhile the EFTOMS retrievals have been regridded
from their raw spatial resolution (1° x 1.25°) in order to match the other two datasets (OMI, MODIS).

2.1.3CALIOP-CALIPSO

The CloudAerosol Lidar with Orthogonal Polarization (CALIOP) onboaré th NASAG6s s at ¢
CALIPSO (CloudAerosol Lidar and Infrared Pathfinder Satellite Observations), launched in April
2006, provides verticaksolved aerosol and cloud observations (Winker et al9)Zd0ce June 2006

CALIPSO is flying in the ATrain constellation (Stephens et al., 2002p://atrain.nasa.goyin a sun

synchronous polar orbét 705km overthe surface with a 16day repeat cycle, crossitiige equatorial
planeat about 1330 local solar timgWinker et al., 2009)CALIOP is an active sensor measuring the
backscatter signal at 53#n and 1064 1m as well as the polarization at 58&h (Winker et al., 2009).
Theselevel lretrievalsare further processgdalibration and range correctiongassing tdevel 2in
orderto retrieve the backscatter and extinction coefficieat$32nm and 1064m, for aerosol and
cloud layers.The identification of cloud and aerosol layers within the atmosphere (Vauglan et
2009) is made through the cloud aerosol discriminati©Al) algorithm (Liu et al., 2009)which is
based orthe probability distribution functionsRDFs) of altitudeandlatitudedependent parameters
(integrated color ratio, layentegrated volume e@polarization ratio, mean attenuated backscatter
coefficient) CAD scores varynainly from -100 to 100 indicating the presence of aerosols and clouds
when negative and positive, respectiveisile bins of confidence levels, both for aerosols and clouds,
are defined based on their absolute values

(https://eosweb.larc.nasa.gov/sites/default/files/project/calipso/quality summatiédfe L2VFMPr

oducts_3.01.pdf More specifically, theperformance of theclassification schemén the retrieval

algorithm either for aerosols or clouds, more reliablefor increasingCAD scores in absolute terms
Aerosols are categorized 6 primary types namely: (i) clean marine, (ii) dust, (iii) polluted
continental, (iv) clean continental, (v) polluted dust and (vi) sniGkear et al., 2009)

In the presenanalysis we use the Version 3 (3.01 and 3.02) of the Level 2 Vertical Feature Mask
(VFM) and Aerosol Profile Product#&\Pro) files, available from June 2006 to February 20&8th
derived from the NASAGS Earth Observing System Dat

(http://reverb.echo.nasa.gdpv/The aerosolprofile products are generated at a uniform horizontal
resolution of 5 kn{http://www-calipso.larc.nasa.gov/products/CALIPSO _DPC_Rev3xy, udiile the

9
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vertical resolution vaies from60 to 180m depending on the altitude range and pheameterThe
scientific data sets which have been analyzed are the following: (i) aerosol subtypaD(8rore and
(iii) Total Backscatter Coefficient at 53n (bs32nn), reported aseverattropospheric and stratospheric

levelsabove mean sea levglunt et al., 2009)

2.2 Surfacebasedata

2.2.1AERONET

The AErosol RObotic NETwork (AERONETHolben et al., 1998is a worldwide network of

installed CIMEL sursky radiometersobtaining sunphotometric observationsm more than 1000

locations of the plandtttp://aeronet.gsfc.nasa.gorhe solar irradiances received by the photometer
areinverted intocolumnar aerosol opticaind microphysicaproperties through thenplementation of
retrieval algorithms (e.g. Dubovik and King, 2000 O6 Ne i | ). Thefollowad standard2zéd0 3
methods concerning instrument maintenance, calibration, cloud screening and data pradessing
aerosolmonitoring and comparison between different study periods and @easiov et al., 2000)

From the global AERONET stations, 109 are located within the geographical limits of our study
region.For each statiorthe daily averages ofloud-screened and quality assured dditavel 2.0 of

direct sun and almucantar retrievale usedor: (i) AOD at 7 wavelengths from 340 1020nm, (ii)

size distribution retrieved for 22 logarithmically equidistant discrete pointsn(the range of sizes
0.05pum Or O15 um, (i) Angstrém exponent between 440d 870nm (Uhaos7onn), (iv) total effective
radius(reff), and (v) single scattering albe{®SA and asymmetry paramet@kger) bothretrievedat 440

nm, 675nm, 870nm and 1020 nmThe uncertainty in the estimation &OD depend on technical

(e.g. calibration methodactorsand inversion assumptionisoth described in detaiih Holben et al.
(1998) Moreover, the accuracy of the retrievédDD by the CIMEL radiometeris spectrdy
dependentbeingbetter(< £0.01) for wavelengths longer than 44@ and lower < +0.02) for the UV
wavelengths (Eck et al., 199%) should be also noted thdwet AERONET Level 2.0 inversion products
(e.g. SSA are provided wheAOD at 440nm is higherthan 0.4 ensuringhe minimization of the
inversion uncertaintiesvhich are also determined by other factors (s.g¢att eri ng angl e
sphericity as stated indletail byDubovik et al.(2000).
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2.2.2PMio

Daily total and dussurfacePMio concentrationsover the period 2002011 from 22 regional
background and suburban background sitere used in this studyhe monitoring siteare distributed
as follows: 10 in Spain; 2 insouthernFrance; 5 in Italy3 in Greece; 1 irsouthernBulgaria and 1 in
Cyprus.PMjo concentrations were obtained in most cases from gravimetric determinations on filters,
whereas in few cases they were determined bytireal instruments (Querol et al., 20)%ey et al.,
2013) but corrected against gravimetnoeasurements carried out in annual field campaighe
disaggregation of the dust component to the total amount is made bassthtisticalapproach which
has been applied in sevepaststudies €.g.Rodrigiez et al.2001;Escudero et al., 200Queol et al.,
200%; Pey et al., 2013 A full description of the methodology which is followed for the calculation of
dust particl esd RMispresentedih Esouderotepal. 2008). Btietlyt thelnet dust
PM1o amount is calculated through the subtractiothefregional backgroun@dMio, which isobtained
by applying a monthly moving 8percentile to thé®Mio timeseriesexcludingdaysof dust transport,
from the corresponding valuestbk totalPMio concentréons. Most of thederiveddata were obtained

from the AirBase (http://acm.eionet.europa.eu/databases/airpadatabase, while for the stations

Finokalia (Crete)and MontsenyNE Spain)the relevant measurements have been acquired from the
EUSAAR (http://www.eusaar.ngtatabase.

3. Identification of desert dust episodes

Following the methodology proposed by Gkikas et al. (2013), desert D08t €pisodes are
identified based on an objective and dynamic algoriyinch consists a branch of a unified algorithm
(Gkikas et al., 2016&ble to identifyand characterizeot onlyDD episodes, but also four other types of
aerosol episodes, namely biomasban BU), dust/sesalt 0SS, mixed MX) and undetermined
(UN). The algorithm(see Figure 2 in Gkikas et al., 201f)erates inthreestes andis appliedin each
individual 1° x 1° geographicatell within the geographical limits of thetudy domain(29° N- 47° N
and 12 W - 39 E). First, the mean(Mean and the associated standard deviat{Std from the
available AODssonm retrievalsare calculated for the whole study periddheseprimary statistics are
used for the definition of two threshold levieihich are equal tdlean+2*StdandMean+4*Std The
geographical distributions of the computed statistideanh and Std as well as the corresponding
spatial patternsf both threbold levelsare displayed in FigussS1-a (MODIS-Terra, Mar. 2000 Feb.

2013) and Sib (MODIS-Aqua, 2003i 2012)in the supplementary materight the next stepthe
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algorithmanalyze the daily AODssonmtimeseriesand classifies an episode astrong onevhenAOD
is between the two defined thresholdidg( a n + 2 * S t sehom<CMea@LEBtd and asan extreme
onewhenAOD is higher/equal thaMean+4*Std The samepproachwas undertaken b§kikas et al.
(2009)who classifiedthe Mediterranean aerosol episode&er the period 2062007 according to their
strength and described thie frequency and intensitylt must be clarified that according to our
methodologyin areasfrequently affected by dust episodésth mean and standard deviation values
are expected to béigh resulting to high thresholdshich means that cases withoderateto-high
AODs also possiblyelevant to radiative and health effease masked out from the datadatorder
to investigat the possible impacbof this, funbiased  m.estandard deviatioand thresholds cAOD
are also computed based on another methodology and the resudltscassedomparatively to those
of the primary methodologiy a separatgaragraphMoreover it must be mentioned th#tie satellite
algorithm identifies only intense desert dust episodes since #@D must be higher than
Mean+2*Stdwhichis considered as a high threshold level.

It should be noted thdhe representativeness of tt&culatedmean levels ipossibly affected by
the availability of theAOD retrievals and particularlpy the waythese data are distributdubth at
temporal and spatiacales Thus, a possiblenderrepresentatioof winter AOD data in the longerm
dataset, which is often the case in satellite retrievalsQiD, may result in @ighermeanAOD than
what would be in case of complete and balanced seasonal availddityover,the spatiotemporal
availability of AOD is determind by the differensatelliteretrieval algorithm assumptions depending
on the underlying surface type (land or sea) and clouds (i.e. satellite retrievals are posgiheer
clear skies conditions)n order to investigate éhpossible effect of tempalravailability of dailyAOD
datg we havecalculated the percentage availabilityA®D retrievals on a monthly, seasonal and year
by year basisover the period 2002013 (results not shown herepeasonaldifferences ofAOD
availability aremainly encountered in the northenost parts of the study regiorattributed to the
enhanced cloud coverageith lower values(20to 40 % from December to Februangainst 5685%
for the rest ofthe year. Differencesin AOD availability are also found étween land and sea surfaces
which are more pronounced winter and summeand less remarkable during the transition seasons
More specifically, across the Mediterranean Seayinter, the availability percentages range from 70
to 90 % whilein summerthe correspondingaluesare decreasedlue to Sun glintgown to 60 % and
80 %, respectivelyOver land for both seasonshe spatial patterns &OD availability are reversedn
order to investigate furthermoirgow the spatiotemporaROD variability and unbalanced seasonal
distribution of MODIS AOD datacan affectthe calculated meaAOD levels ¢alculated bydaily
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retrievals) we have repeatithe calculations by utilizing monthly retrievals (calculatexn the daily
ones) thus removing thepossibé effects of an unequal temporal distribution of the number of
observations on the me#®OD . According to our resultynly small differences are foundenerally
hardly exceeding 0.1 in absolute and 5% in relative percentage termsheithearAODs over land
beinghigher by upl0 % whenthey are computedrom daily than monthlydatg while the opposite is
found over seaThis finding revealshatthe unequal temporal distribution ADD retrievals does not
have critical impact on the computed mégdDs and the resulting algorithm outputs presented in this
study

In a further step of the methodology, tsteong and extremBD episodesare identifiedseparately
over land andsea surfaceef the study regionThis is achieved through thesageof specificaerosol
optical properties namely the Angstrom exponent, effective radius, fine fraction and aerosol index,
whichprovide i nformati on a b.doreachpicalt propdrtyappiopriaté z e ¢
upper or lower threshodchave been set uwhich must be validconcurrentlyin order tocertify the
presence of dust particlas the atmosphereNote that there are nainy unanimouslydefined
acknowledged thresholds literature. Thereforehesecut-off levels have been selectedreaccording
to the literature findings, availability of raw data and severah sensitivity testsrfiore details are
providedin Gkikas et al., 2013)vhich have been applieddividually to the MODIS size parameters
(i.e, U FF andrer). Such analysis is essentiahen multiparameter datasetse utilized and their
variations canpossiblymodi fy the satellite alwgadbave dapplieddttee o u't
satellite algorithnmodifying by 0.1the U FF andres valueswithin the range©.6i 0.8, 0.1i 0.4 and
0.471 0.8, respectivelyOur results indicate that the geographical patterns remain senitethe total
number ofDD episodes i®nly slightly modified (less than 4 %) for thelandres retrievals whereas it
changes more for the FF retrievals (by up to 25% over sea for strong epistetes)ne validity of
these thresholds is further evaluataghinst AERONET measuremerasd the corresponding results
arediscussed in Sectiohl.14.

In order toaddresshe issue of possible overestimation of the defined threshold levels, particularly
in the most dusaffected areas as it has been mentioned abegehave also applied the satellite
algorithm using an alternative methodology (METHER) in which dustaffected grid cells were
excluded In this casefrom the rawAOD retrievals we have masked outthegp ur e 0 deser t
cells which were identified based on tlwncurrentfulfillment of the defined criteriafor dust
occurrence in the algorithiiior Angstrém exponent, fine fraction, aerosol index and effective radius).

Then, from the remaining data (ndnstAOD retrievals),the meanthe associated standard deviation
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412 as well as the defined thresholofSAOD are computed for the whole study perifar each pixelas
413 also donein the primary methodologyFinally, also similarly to the way done in the primary
414  methodology, thé®D episodes werelassifedinto strong and extremenes.The obtained results, i.e.
415 frequency of occurrence and intensity DD episodes based onthe primary methodologynd
416 METHOD-B are discussed in Sectior4.

417 As explained, a similar methodology and data were used in the study by Gkikas et al. (2013).
418 Nevertheless, the present one is a significant extension mainfivdoreasons: (iDD episodes are
419 identified hereover an extended period of studyd for bothMODIS platforms i.e. Mar. 20007 Feh
420 2013for MODIS-Terraand 2003 2012for MODIS-Aqua, (ii) a second methodologfMETHOD-B)
421 for the identification oDD episodes is testedji) the quality ofthe input datas improvedby using
422  QA-weighted level3 data produced by weighting lev2ldata based on their confidence fiagtead of
423 regularones (iv) emphasis is given to the vertical structurehaf intensdD episodesand (v) the role
424 of thedetailedd u st o ut b r sracturefdr the level bfageeement betweertolumnarMODIS
425 AOD andgroundPMio concentrationss investigatedin addition, in the present analysike satellite
426 algorithmis alsotestedusing onlyAODsassociated with cloud fraction€F) lower/equal than 0.8n
427 order to investigatgossible modifications of our results duethe cloud contamination effexcbn
428 MODIS AODs The critical value of 0.8 for CF has beerefined accordingo Zhang et al(2005 and
429 Remer et al(2008) who statedthat under extendedoud coverage condition&OD levels can be
430 increased substantially.

431

432 4. Results

433 Before dealing with thénorizontal patterns (sugection 4.2) and theertical structure of dust
434  outbreaks (suisectiors 4.3 and 4.3, it is very important tacompare thea | g o r outphtsagasst
435 AERONET andPM;o observationgsubsection4.1) in orderto ensure an accurate thvaienensional
436 view of the intenséMediterraneamD episodeslt must be clarified that theomparison of the satellite
437 al gor i t hnvérsus AERONEI?M:s is made only for its default version and not for the
438 METHOD-B, since between the two methodologiesravefound remarkable differengess it will be
439 presented in Section 2. For the same reasprithe synergistic implementation of tH@ALIOP-
440 CALIPSO lidar profilesis done only when th®D episodes are identified based on the primary

441 methodologyThe present section has been organized accordamglyhe results are given below

442
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41Compari son of the satellite al goomeasurememtss out pu

The ability of the satellite algorithm to identify satisfactofilp episodes, is tested against ground
measurements from 109 AERONET (Fily. orange squares) and PMjio (Fig. 1, green triangles)
stations located in the broader Mediterranean area. This is an extended and thorough comparison which
exceeds largely a similar one done for the outputs of the previous version of satellite algorithm (2000
2007 Gkikas et al., @13), but only relying on 9 AERONET stations and usk@D and volume size
distribution data. Here, the comparison is repeated for the improved algorithm, being extended over a
longer time period, for a much larger number of AERONET stations, and aniaralysore optical
properties, namely the Angstrém exponent, effective radius, single scattering albedo and asymmetry
parameter is made. The comparison is performed for both study periods and satellite platforms (Mar.
200071 Feb. 2013 for Terra and 20032012for Aqua) while the issue of possible cloud contamination
is also considered. However, since the obtained results revealed a very similar performance of the
algorithm for both periods and platforms, only the results for the period Mar.i26@b. 20B are

given here.

In 46 out of 109 AERONET stations, depicted with yellow triangles in Figuvee have found at
least one strong or extreme dust episode, for which coincident satellite and ground measurements are
available. For the specific AERONET stats and episode days, the mean values of the selected
AERONET aerosol optical properties have been calculated separately for strong, extreme and all (both
strong and extremd)D episodes identified by the satellite algorithm. Subsequently, these valies wer
compared to the corresponding ones calculated from all the available retrievals (climatological
conditions,clim) collected from the 109 Mediterranean AERONET stations, during the period Mar.
2000 7 Feb. 2013, aiming at highlighting the effect of episoden these optical properties.
Additionally, in 7 AERONET stations (cyan circles in Figurethe intenseDD episodes have been
identified from ground (AERONET) and the corresponding results are compared with the satellite
algorithm outputs (Section #1.4). Finally, the performance of the algorithm is also tested against

surfacePMiomeasurements from 22 stations (Sectidn2j.
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4.1.1 AERONET
4.1.1.1 Aerosol optical depth

During the period Mar. 2000 Feb. 2013, 346 pixdevel intenseDD episodes have been identified
by the satellitdbased algorithm, in which coincident MODT®rra and AERONET retrievals are
available.The selected datasebrresponds to 1.06 % of the over@lirong and extremd)D episodes
(32635 which havebeen idenfied during the stugl period. It should be noted that AERONET
AODssonm Values have been calculated from available AEROMEIDs7onmand Angstrém exponent
data (haoszonn) by applying the Angstréom equation (Angstrém, 1929) to match the M@DIBssonm
For these intensBD episodes, the comparison between the satellite and ground aerosol optical depths
at 550 nm is given in Figura Two similar scatterplots with matched MODAMERONET data pairs
are given. The first one (Fig.i-a) is resolved by theumber of level 21(2) measurements of 10 km x
10 km spatial resolution from which the comparéa 1°level 3 L3) AODsin the figure are derived.
The second scatterplot (Fig.i-b) is resolved by the spatial standard deviation inside the 1P
geographical cell (level 3AOD9. Both scatterplots address the issue of levalo® subgrid spatial
variability, which is essential when attempting comparisons against local sbesedAOD data like
the AERONET.

The overall correlation coefficienR] between MODIS and AERONEAODSs s equal to 0.505,
with the satelliteAODs being overestimated (bias=0.143)he scatterplotshow the existence of
outliers associated with small number of level 2 retrieval2q<blue color Fig2 i-a) and/or high
standrd deviations (30.5, yellowishreddish points, Fig2 i-b) inside thelL.3 grid cell. This finding
underlines the role of homogeneity and representativene&8 oétrievals for the comparison of
MODIS AODsagainst AERONET. This role is better visualizadHg. 2 ii-a, where are presented the
computedR values between MODIS lev& and AERONETAODs depending on the number bP
retrievals from which thé&3 products were derived. In general, it is known thatltBeixel counts
range from 0 to 121 while in polar regions (typically around 82° latitude) the maximum count numbers
can be even higher due to overlapping orbits and near nadir views intersect (Hubanks et al., 2008). It is
clear from our results that the celation coefficients are gradually and essentially improved, from 0.49
to 0.75, with increasing representativeness of MOB@Ds i.e. increasing counts af2 retrievals
attributed. A similar improvement has been reported by Amiridis et al. (2013) wind fowbetter
agreement between MODIS/AERONET and CALIOP aerosol optical depths applying similar criteria.
The agreement between MODIS and AERONET also improves when the fai2iproducts are
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more spatially homogeneous, i.e. when they are characterizeshddier AOD standard deviations at
the gridlevel (from <0.25 down to <0.05, Fig.2 ii-b). However, our results also indicate that apart
from increasing correlation coefficients (up to-40.8) with increasing leve2 counts and decreasing
standard devions, the number of intendeD episodes is decreased dramatically (aboub@dor

more than 50 counts and standard deviation smaller than 0.05).

In order toassess the performance of the satellite algorithm vapematedwith nonweighted
(Gkikas et al., 2013) amgeightedQA (present analysis) MOD#Serraretrievals we have compared
its outputs(DD e p i s &@D=x ©ftboth versions versube correspondingERONET AODsfor the
period Mar. 2000° Feb. 2007 (Gkikas et al., 28). Based on ouresults,the computectorrelation
coefficiens are equal to 0.53 (135D episodes) and 0.59 (110D episodes) for the old and new
version of the satellite algorithm, respectively, revealing thus a better performance wiveeighted

level 3 retrievals & utilized as inputs to the satellite algorithm.

Finally, the spectral variation of the AERONEODsat 7 wavelengths, from 340 to 1020 nm, in
climatological and dust episodes conditions has been investigated (results given in $Agure
supplementary material). ThAOD boxplots producedfor all the available dailly AERONET
measurements (orange) and for the corresponding retrievals during strong (cyan), extreme (red) and all
DD (green) episodes identified by the satellite algorithm shwat the spectral variation of aerosol
optical depth decreases in cases of dust episo
is mainly attributed to the further increasiA@D levels at wavelengths longer than 500 nm (by about
6 times) tlan in (or near) the visible.

4.1.1.2 Aerosol volume size distribution

In Figure3, are presented the mean aerosol volume size distribu#f803% calculated from all
available AERONET data (orange curve) as well as under strong (cyan curve), extreme (red curve) and
all (green curveDD episodes conditions. The results are given for Mar. 206@&b. 2013 using
MODIS-Terra (346 intenseDD episodes)retrievals as inputs to the satellite algorithm. In the
climatological curve, two modes are distinct centered at&i%or the fine mode and 2.24n for the
coarse mode. There is an about equal contribution of both modes, indicating the coexistemee of fi
(e.g. urban aerosols) and coarse (e.g. dust aerosols) particles over the broader Mediterranean area. Thi
result is in agreement with previous studies for the Mediterranean (e.g. Fotiadi et al., 2006; Mallet et

al., 2013). However, under dust episedenditions, although thAVSDstill has two modes, there is a
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dramatic increase of the coarse mode, which strongly dominates. More specifically, the peak of the
coarse mode (radius between 1.7 and 2124 is increased by factors of about 10, 15 and 11Her

strong, extreme and aDD episodes.The differences between the strong and extrétd&Dsare
statistically significant (confidence level at 95 %) for almost all size bins (18 out of 22) except bin 1
©O. 050 em), 2 (0.065 em)egm)6 MOit el de noted tlrantde 7
increment factors are slightly decreased when the algorithm operates onlyA@idhretrievals
associated with <c¢loud fractions | ess than 0.8
retrievals are maskeout from the analysis. Similar modifications in the shap@&¥8Dduring dust
outbreaks have been pointed out by several studies in the past, either for the Mediterranean region (e.g.
Kubilay et al., 2003; Lyamani et al., 2005; Corddadonero et al., 2@) or for other dust affected

areas of the planet (e.g. Alam et al., 2014; Cao et al., 2014).

4.1.1.3 Size optical properties, single scattering albedo and asymmetry parameter

The accuracy of th®D episodes identification method was further assessed by also using other
AERONET aerosol optical properties tha®D, namely the Angstrom exponerd) @nd the effective
radius (er) |, able to provide informat i oncalg@ropertesthepar t i
boxplotsfor all the available AERONET retrievals as well as for the correspondingldeteay strong,

extreme and alDD episodes, have been produced and depicted in F&3(®ipplementary material).

Based on our results, the appriapeness of the applied methodology is confirmed by the drastic
reduction ofU and increase ofer values when dust outbreaks occur. When all available AERONET
retrievals are consideredlifm), the majority (>75%) of U values is higher than 1.04 indicating the
strong presence of fine particles in the study dor{faigure S3i). On the contrary, during intense dust
episodes the majority of the corresponding values for all and sBbBngpisodes are lower than 0.54
while for the extreme ones are lower than 0.36. Such low Angstrém exponent values, attributed to
transported mineral particles from the northern African deserts (Pace et al., 2006), have been reported
also in previous studies (e.g. Tafuro et al. 2006; Basait,é1009). The existence of coarse aerosols is
also confirmed by the increase o values under intens®D conditions compared to the
climatological levelgFigure S3ii). For allDD episodes, the 75% oés« values is higher than 0.55n
reaching upd 1.4em, while the mean and the median values are equal to about 0.73, compared to
about 0.37 for the climatological conditions. These values are even higher when é&xDespesodes

are concerned.
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Moreover, the spectral variations of the averaged AERDBIRgle scattering albed&$A and the
asymmetry parametegder) are also studied. During intense dust outbreaks the shape and magnitude of
spectral SSA (Figure 3-i) and gaer (Figure S3l-ii) are modified compared to the climatological
conditions. The spectral curves of both parameters become less and more flattened during dust episodes
for SSAanddgaer, respectively. FOBSA the steepening results from decreasing values in the visible and
increasing values in the neefrared (by up to 0.04, reaching 0.97 at 1020 nm). The flatteningxdor
arises from smaller and larger increments in visible andinéared wavelengthsby up to 0.04 and
0.09, respectivelyThe differences between stroagd extremeédD episodesSSAspectral curves are
statistically significant at 95 % confidence level only at 870 and 1020 nm. On the contrary, the
corresponding differences for tlgeer are statistically significant in all wavelengti@ur results are in
agreement with those presented &8Aby Mallet et al. (2013) in the Mediterranean and day by

AladosArboledas et al. (2008) during a dust episode over the southeastern parts of Spain.

4.1.14 Intercomparison of surfaebased andsatellite algorithms used for the identification of the

desert dust episodes

Despite their great usefulness, satellite aerosol retrievals still suffer from uncertainties, and
generally are considered as inferior to surfbased similar products, which aeken as the reference.
In order to examine this degree of uncertainty and to verify the successful performance of the
algorithm, we also tested using it along with AERONET retrievals. This has been made for 7
Mediterranean AERONET stations, depicted vaylan circles in Figuré, during the periods for which
ground retrievals are available (Table 1). The selection of the AERONET stations was based on: (i)
data availability (see last column of Table 1), (ii) their location (i.e. near to the Northern African and
Middle East deserts and (i i1 ) the inclusion of sites wh
Arenosillo, FORTH Crete). The intend®D episodes were identified following the methodology
described in section 3, but using oM@D at 870 nm haos7onm (lower/equal thar.7) andres (higher
than 0.6) as criteria, based upon their availability from AERONET. Subsequently, the algorithm was
also operated again using satellite (MO&I&ra, OMFAura, ERTOMS) input data for theeriods
with available retrievals in each dfe¢ 7 AERONET stations.

In Figure4, we present the overall scatterplots between satellite and gA®Bd when intense
DD episodes have been identified based on the ground (left column) and the satellite (right column)

algorithm. Colors in Figs4 i-a, 4 ii-a, 4 iii-a represent the associated MOBI&ra Angstrom
19
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exponent, effective radius and day cloud fraction retrievals, respectively. Iftfigsand4 ii-b colors
represent the AERONET Angstrém exponent and effective radius, respectively, while infiigtre
theyrepresent the day cloud fraction observations derived by MdBt&. Through this approach it
is feasible to assess furthermore the perémce of the satellite algorithm, specify its drawbacks and
check the validity of the defined thresholds (green boxes in Fjur&kikas et al., (2013)

It is apparent that the agreement between MGDE#8a and AERONETAODsis better wherDD
episodesre identified from the ground, as shown by the increased correlation coefficients (from 0.521
to 0.704), increased slopes (from 0.6 to-0.9) and decreased biases (from 0.16-G®3). In
particular, whenDD episodes are identified from space, the MODESra AOD retrievals are
overestimated (bias=0.163) with regards to AERONET, particularly aAlol® values (<0.5). In both
algorithms, the highest overestimations are associated with cloud fractions higher than 0.7 due to the
possible contamination ohe¢ satelliteAODsby clouds (Figuret iii -a, iii-b). GiventhaDDe pi sode s 0
identification based on AERONET retrievals is more efficient, we have used these results in order to
check the validity of the defined thresholds By EFF andres used in the satellite algorithm. For
each aerosol optical property, it has been calculated the percentage of Dibeapesodes for which
the corresponding satellite observations are below or above the defined thresholds, depending on the
parameter. Theesults given in Table 2 are satisfactory, since the percentages range from 87 to 99%,
and confirm the validity of the defined thresholds.

The scatterplots in Figd.i-b and itb also reveal some weaknesses of the satbbised algorithm.
More specifially, it is found that for fewDD episodes identified by the satellite algorithm the
corresponding AERONET Angstrom exponent and effective radius values are higher than 1 and
smaller than 0.4, respectively. These values indicate a predominance of ficegparstead of coarse
ones as it would be expected for desert dust aerosols. In order to quantify the number of misclassified
pixel level intensedDD episodes by the satellite algorithm, we have computed the percentage of cases
for which the AERONETUvalues are higher than 1 (15%) anrdvalues ardower than 0.4 (17.7%).
Also, we have repeated these calculations foDBllepisodes and the corresponding percentages were
found to be equal to 11.8% and 14.5%, respectively. These misclassifications of the satellite algorithm
occur in AERONET stations (e.g. Thessaloniki, Rome, Avignon) with a strong presence of
anthropogenic aesols (Kazadzis et al., 2007; Gobbi et al., 2007; Querol et al., 2009a; Yoon et al.,
2012). Some misclassifications also occur in AERONET stations (e.g. Evora, El Arenosillo, FORTH
CRETE) with mixed (natural plus anthropogenic) aerosol loads (Fotiadli, &086; Toledano et al.,

2007b; Hatzianastassiou et al., 2009; Pereira et al., 2011). Over these areas, there are converging ai
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masses carrying particles of different origin, as shown by performedttzgektories analyses (results

are not shown hera)sing the HYSPLIT(HYbrid SingleParticle Lagrangian Integrated Trajecfory

model (Draxler and Rolph, 2015). Nevertheless, it must be mentionedDbate pi sodesa
misclassifications caalso be attributed to the lower accuracy of MODIS aerosol size relsexeer

land (Section 2.1.1).

4.1.2 PMioand dust contribution

The satellite algorithmdés output s, apart froao
against groundMso concentrationse(g nt3) measured in 22 Mediterranean stations (green triangles in

Figurel).

First, for each station, the number of intefi3d@ episodes was calculatefibr which coincident
satellite and ground measurements (t&tsl.0) are available (Figur&-i). The number otoncurrent
DD episodes varies from 3 to 53, being in general decreasing from southern to northern stations. For 14
out of 22 stations, where at least 10 intei2 episodes were identified by the satelli@sed
algorithm, we have computed the correlatmyefficients between satellittODs and surface total
PM1o concentrations (Figh-ii). The highesR values (up to 0.8) are recorded in the central and eastern
parts of the Mediterranean while the lowest ones are found in the western stations. It must be noted that
the correlation coefficients are affected by outliers, because of the limited nunDBr egisodes in
each station, highlighting the sensitiveness of the intercomparison. Such outliers can be expected when
satellitebased columnaAODs and surfacdasedPMio data are compared, since satell®Ds are
representative for the whole atmospherdtumn in contrast to ksitu PM measurements which are
more representative for the lowest part of the planetary boundary layer affected also by local factors.
Therefore, the vertical distribution of desert dust load, as it will be presented in the tiexissean

determine the level of agreement between satédlli®sand surfacé®M concentrations.

The identification method by the satellite algorithm can be considered as correct wheMgust
concentrations are higher than zero (i.e. dust has beerdedcat the station). According to this, the
ratio between the number of naero dustPM observations and the number DD episodes
(coincident satellitelerivedDD episodes and tot&M:io measurements) for each station is defined as
success score. Thelcalated success scores (Figirgi) vary from 68% (Monagrega, northeastern
Spain, 28 episodes) to 97% (Boccadifalco, Sicily, 33 episodes) confirming the appropriateness of the

21



659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674

675

676
677
678
679
680
681
682
683
684
685
686

687
688
689

DDepi sodesd6 identification. | n tustepartiolasj tmthei tdatay o f
burden (Figurés-iv) is above 50%, ranging from 44% (Zarra, Spain) to 86.8%a Marina, Cyprus).

In order to complete our analysis we have also calculated the mean @Mused the median (Figure

5-vi) dustPMio concentrations for the identified intenB® episodes in each station. The mé&idviio
concentrations mainly vary between 20 and &80 m?, being higher in the southern stations, as
expected. The minimum mean value € m®) was recorded in Censt (Sardipiand the maximum

one (2239 m) in Agia Marina (Cyprus). Our values are much higher than the corresponding ones in
Querol et al. (2009b), who obtained that the mean levels of mineral maR&haduring dusty days

range from 8 to 22g m® based on ground concentratiomgasured a1 Mediterranean stations.

These differences are reasonable since here only intense desert dust outbreaks associated with higf
aerosol optical depths are considered. Finally, the mdei&us concentrations are \er compared to

the average ones, indicating that outliers (cases with extremehAiGtor PMig) can alter the results,
attributed to the AGDandPMd distributionstate ngh @Gaussiane.tFer ths 6  (
reason the highest differencee dound in Finokalia (Crete) and Agia Marina (Cyprus), where the
maximum daiyPMicc oncent r ati ons, e quraspectivety, werdé @coraled duririg2 9 1

an intense dust outbre#tkataffected the eastern Mediterranean on 24 and 25 February 2006
422Dgeogr aphical distributions of desert dust ep

The meangeographical distributionsf strong and extremBD e p i s o0 d e sybof otcureeigce € n ¢
(episodes yt) arepresentedn Figure6. Results are given separately as obtained from MO®a
and Aqua for the perioddar. 20007 Feh 2013 and 2008 2012, corresponding to lockate morning
to-noon (Terra) and afternoonAqua) conditions, respectively.lt is evident a gradual reducticof
frequencies fromSouthto North, while for the strongDD episodesalso appears West to East
decreasingyradient The decreasin§outh-to-North gradient ofintenseDD episode&frequency which
is also in agreement with previous studies based on grBihtheasurementQuerol et al., 2008
Pey et al., 2013)model simulations (Papayannis et al., 200814 and AERONETAQOD retrievals
(Basart et al., 2009¢an be attributed tthe increaing distance from the major dust souraed tothe
higher precipitation amounts at the northern parts of the basin (e.g. Marrioti et al., 2002; Mehta and
Yang, 2008).

The maximum frequencies (9.9 episodes)yof strongDD episodes arebservedn the western
parts of the study regiomor both periods and datasetsile the corresponding values for the extreme
ones (3.3 episodes¥rare observed over the central Mediterraneanf@ellODIS-Terra (Mar. 2000
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690 T Feh 2013) In general, ltere is snilar spatial variabilitybetween Terra and Aquéhoughslightly

691 lower maximum frequencies arfeund for Aqua Although intensedust episodes occur raredross

692 the northern parts of the study region X<and 0.5 episodeyr?! for strong and extreme episodes
693 respectively, their occurrenc@rovesthat dust particles can be transported far away from their sources
694 up to thecentral (e.g. Klein et al., 201@yr evennorthern (e.g. Begue et al., 2012) European areas
695 under favorable meteorological conditio®@ur calculated frequencies asgnificantly lower than the

696 correspondingnesobtainedin Pey et al. (2013who studiedthe African dust intrusions towards the
697 Mediterranean basjtbased on grounBM concentrations, over the period 2002011.The observed

698 deviationsbetween the two studi@semainly attributedto the different thresholds$efinitionand hence

699 strengthof dust episodedHere,focus is given on the intense dust outbreaks (intensity equal/higher than
700 Mean + 2*Std) while in Pey et al(2013) the dust occurrences were identified even at very low

701  concentrations (> &g ne).

702 A noticeable difference between the two study periadd platformsis that relatively high

703 frequencieof extremeDD episodesre recordedh more northernatitudesin the Mediterranean Sea

704 i.e.upto 43° N, according toMODIS-Terraover Mar. 20007 Feh 2013 while they are restricted

705 southof 40° N parallelfor MODIS-Aqua during20031 2012 In orderto investigate thiglifferencein

706 detailwe havealsoapplied the satellite algorithm, over the period 20@®12 i.e. that of Aquausing

707 MODIS-Terra retrievals as input§hrough this analysigFigures & and $ in the supplementary

708 materia), it is evident that there is a very good agreement betweenéhe el | i t e alfgror i t h
709 the periodsMar. 20007 Feh 2013 and 2003 2012 revealinga const ant dust epi
710 Therefore, the discrepancy appeared between MdRIg&a and MODISAqua spatial distributions, is

711  attributed to the diurnal variation of factors regulating the emission and transport of dust particles from
712 the sources areaSchepanski et al. (2009), analyzed the variation of the Saharan dust source activation
713 throughout the day, based on MSEVIRI satellite retrievals, reporting that dust mobilization is more

714 intense in the local early morning hours after sunrise. Note, that desert dust episodes over the period
715 Mar. 20007 Feh 2013 have been identified based on observations retrieved by the Tetlite sa

716 which flies over the study region around noon in contrast to Aqua which provides aerosol

717 measurements at early afternoon hours

718 The analysis has beatsorepeatedresults not shown herepnsideringas inputs to the satellite
719 algorithm only AODs associated with cloud fractions lower/equal than, ih8order to investigate
720 possible modifications to our resultsie to the cloud contamination effeéts it concerns the strong

721 DD episodes, the geographical distributions are simidh thoseof Fig. 6, but the maximum
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frequencieqrecorded in Moroccopre higher by up to 2 episodgs! and 0.3 episodes Yifor the
MODIS-Terra (Mar 20007 Feh 2013) and MODISAqua (20032012) data set, respectivel®n the
contrary, in the case of extren episodes the maximum frequencibescrease to 2.5 episodestyr
for the period 2003 2012and they shift southwards, namelyer the northern coasts of Africahile

over the central parts of the Mediterranean, 8esyare lower tharl episode yt.

The maps of intensities (in terms AODssonn) of DD episodegFigure?7), show that for botlstudy
periodsand satellite platformghemaximum intensitiesreover the Gulf of Sidra and the Libyan Sea,
alongthe northern African coast$hese intensities readkODsup to about 1.5 for strong addl for
extreme episodegyhile the minimumones (values down to 0.28.46)are recorded in the northeand
western Mediterraneaparts. Note thatdissimilar spatial patternsppearbetween the geographical
distributionsoDDe pi sodes 6 frequency thesetwdeaturesareseternined i n d |
by different factors (e.g. tracks strengthof depressions)rinally, when thecloud contamination is
minimized using onlyAODs associated witfCF lower than 0.8, therthe maximum intensities are
shifted southwardsacross the northern Africa and eastern coasts of the Mediterrdresag lower
than 1 and 2 for strong and extre® episodes, respectivelffhrough the rejectio of possibly
overestimatedAODs from the datasett is found that the threshold levels alecreasedmainly over
the most frequently dust affected areasince both mean and standard deviation vales lower
(results not showherg. Neverthelesseven though thes@ODs canbe overestimatedin the majority
of the cases thecollocated AERONET AODs are high(but lower than the satellite observations)

indicating the occurrence of desert dust outbreakishasalsobeenshown in Sectiod.1.1.4.

The analysis has been also repeatpplying the alternativélETHOD-B described in Section 3.
Just to ensure a longer temporal coverage, this analysis wasodohne period Mar. 2000 Feb. 2013
using MODIS-Terra data The obtained results for the frequency of occurrence as well as for the
intensity of DD episodes are depicted in Figur8% and S8, respectively, in the supplementary
material.The geographical patterfar the frequency of occurrentetween the two metidologies are
similar; howeverthe maximunfrequencies obccurrencdor the strong and extreni#ED episodes can
reach up to 13.3 episodes?y(Fig. S7-i) and 8.1 episodes Vi(Fig. S7-ii), respectivelyAs it concerns
the intensity, the geographical patterparticularlyfor the strongDD episodes, are dissimiland less
distinctcompared to the corresponding onésained withthe primary methodologylhis differenceis
attributed to the inclusion of more dust episoddh variable intensitywhich leads to a not so clear
isi gnal 06 when al/l t hese epi s-8dkesnaxanune intensities (img e d .

terms ofAODssonn) Of strongDD episodes can reach tpl (Fig. S8-i) while for the extremepisods
24



754
755
756
757
758

759

760

761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

(Fig. S8-ii) it can be as large a. The main finding,based onthe intercomparisorof the two
methodologies for the identification 8D episodesis that the frequencgf the episodes is highéor
the METHOD-B with respecto the primary methodologyvhile the intensitys decreasedBoth facts
are expected andan be explained bthe lowercalculatedAOD threshold with METHOD-B thus

yieldingmoreDD episodes of lower intensity.

4.3 Verticalstructure of the Mediterranean desert dust outbreaks

The ability of the developedatellite algorithmto detectintensedust episodefias been proved
adequate through theomparisonanalysisagainst AERONET retrievals and®Mio concentrations
(Section 4.1) Neverthelessijts main limitationis that it usesolumnarsatellite retrievalsand not
vertical resolved datprohibiting thusthe description of thesertical structureof these dust outbreaks.

In order toaddresghis issue, the CALIORCALIPSO retrievals are used as a complementary tool to

the satellite algorithi sutputs.First, for thedust episodegentified by the satellite algorithnthe
spatially and temporallgollocated verticdy resolvedCALIOP lidar observationsare selected For

these cases arfdr each 1° x 1° grid celwe have dividd the lower troposphereup to 8 kmin 16

layers of 500 meters heighh this way, 14400boxes of 1° x 1° surface area ab@d0 metersheight

have been produced. Thedor each oneof them,we havecalculatedthe overall number of dust and
polluted dust observatior{ereafter named as dusicording tahe aerosolsubtyping scheme of the
CALIOP Vertical Feature MaskMFM). Note that dust and polluted dust were chosen because in
previous studies (Mielonen et al., 2009) they were shown to be the best two defined aerosol types
among the other ones classified by the CALNHHM. Neverthelessni case of polluted dust, Burton et

al. (2013)repored thatdust particles can be mixedth marine aerosols instead of smoke or pollution
asassumedy the VFM retrieval algorithm In our study more thar®5% ofthe aerosol typeecords
werepure dustfor the collocated casdmtween theatellite algorithm and CALIPSObservationsin

addition, in the majority of the defined boxes, the percentage of dust from the overall observations is
higher than 70%, confirming furthermore the validity of the algoribBhe pi sodesd i den:
proceadure. This is an excellent proof of the successful identificatioD@fepisodes by the satellite
algorithm, since CALIOFCALIPSO is an independent and vertically resolved platform and database.
Thereby, CALIOP vertical observations were subsequently tesesamine the vertical structure of

dust outbreaks.
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784 In order to analyze the intensity of desert dust outbreaks at different altitudes in the troposphere, the
785 CALIOP data ofthetotal backscatter coefficient at 582n (bsz2nm) havebeen alsacquired For each
786 box, the averagbssonmvalueshave been calculatdtbm all the available CALIOP measurements (day
787 and night) for the identifiedintensedust episodes by the satellite algorithihore specifically, the
788 averagebssaonmVvalueswerecalculated for the dust observations based orCiklelOP VFM associated
789 with CAD scoresranging from-100 to -20, asit has been proposed by Winker et al. (201)
790 discriminating aerosol from cloud3he selectionof bs32nm valuesinstead of extinction coefficients
791 ensures that incorrect lidar ratio assumptionghe CALIOP retrieval algorithndo not affect our
792 results.In the literatureit has been documentdoiat theCALIOP lidar ratiois underestimatedverthe

793 northern African desertsaand thesurrounding areaaffected by Saharan dust particlé=ading to an
794  underestimatiorof the columnatAOD comparedo MODIS andAERONET retrievals(Redemann et
795 al., 2012;Schuster et al., 2012Amiridis et al. (2013) stated that arcrease of the lidar ratio from 40
796 to 58 sralong with a series of pasbrrections in the CALIOP retrievals and the implementation of
797 several criteriaconcerningthe cloud coverage andhe spatial representativengssan improve
798 substantiallytheagreement between MODISqua/AERONET andCALIOP observations.

799 It should be noted that ithe present work, we have analyzdl the available CALIOP overpasses
800 (~ 10000)over the study region during the periodJun 20061 Feh 2013. For brevity reasons,
801 however,only theobtainedresultsbased orMODIS-Terra retrievals arpresented hereince similar
802 findingsare drawrfor MODIS-Aqua Jun 20067 Dec 2012. Moreover, the analysis (results are not
803 shown here) has been made separately for the idensifiedg and extrem®D episodeswithout
804 revealingremarkabledifferences in the geometrical characteristics of dust outhrbigkertheless, the
805 Dbsz2nmVvalues are higher for the extrer® episodes being consistent with the discrimination of dust
806 epi sodesd i nt AODy whiclyis gpplied totthe isatellite algorithin. order tofacilitate
807 the visualization of our resultbor each column (1° x 1° spatial resoluti@ndlatitudinallongitudinal
808 zone (E degree),we have calculatkthe overall number of dust observatioasd the associated
809 weighted averageof bs32nm depending on the projection plaghatitudinal, longitudinal and columnar)
810 according to dusbbservationsn each boxFor both parametershe analysis has been made on an
811 annual and seasonal basisd the corresponding results are discussed in Secdhd and4.3.2,

812 respectively.
813

814
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815 4.3.1 Annuakharacteristics

816 In Figure8, arepresentedhe three dimensionatructures of the CALIOP overalldustobservations

817 (Fig. 8-i) and the associateal/erageotal backscatter coefficients at 58eh (Fig. 8-ii), duringintense

818 dust episodes conditionsver the broader Mediterranean arka the periodJun 20061 Feh 2013.

819 From the latitudinal projectiom Fig. 8-i, it is evident that dust particles are mainly detected between
820 0.5 and &m, and more rarelyp to 8km, between the parallels 32f and 38°N. The number of dust

821 observationss increasedat higher altitudesvith increasing latitudegjp to 40° N while the altitude

822 range(thickness)where these records are detected is gradually reduced from Knto & northern

823 latitudes, he CALIPSO dust records are drastically reduaed are mainly observedetween 1 and 4

824 km. The ascendingiode of the transported mineral particles over the Mediterranean is attributed to the
825 prevailing low pressure systemwghich mobilize and uplift dust particles from the source areas across
826 the Sahara Dxert and the Arabian Peninsula. Dust aerosols are transported over the planetary boundary
827 layer (Hamonou et al., 1999) due to the upward movement of dry and turbid air masses (Dulac et al.,
828 1992) while the prevailing synoptic conditions determine alsosibegtial and temporal characteristics

829 of desert dust outbreaks over the Mediterranean (Gkikas 20 i),

830 In general, ar results are in agreement with previous stydased on lidar profilesyhich have

831 been made iseveralMediterranearsites More specifically, Papayannis et al. (2008) found that dust
832 layers over the EARLINET Mediterranean statiomestend from 0.5 to 1&@m above mean sea leyel
833 their center of mass is located between 2.5 andr.&nd their thickness ranges from 2.1 to B3

834 Hamonou et al. (1999) reported that dust layers are mainly detected between 1.&narith&ed on
835 lidar measurements in therthwestern andhortheastern MediterraneaAccording to di Sarra et al.
836 (2001), who studied the Saharan dust intrusionsampedusgcentral Mediterranearfpr the period

837 May-June 1999, dust particles can be detected up8t&ri, which is in linewith our findingsfor the

838 corresponding latitudinal zones (3B°- 36 ° N). Balis (2012) analyzed 33 Raman/lidar profiled

839 Saharan dugntrusions over ThessalonikngrthernGreece), and found that the mean base and top of

840 dust layersvereequal to 2.5+0.9 and 4.2+1.5 km, respectively.

841 As to the variation of vertical extension with longitudrég( 8-i), it is revealedhat the base heigh
842  of dust layers is decreased towards the eastern parts of the study Iregfenwestern Mediterranean,
843 the mineral particlesare mainly detected between 2 and 6 Winile over the central and eastern
844  Mediterranean the corresponding altitudes are equ@l3 and 6 km, respectivelit.is well known,
845 that dustis transported over the western Mediterranean mamsummer €.g. Moulin et al., 1998
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favored bylow pressure systeniscatedover the northwestern AfricéGkikas et al., 208) and the
enhanced thermal convectjoumplifting effectively dust aerosols at high altitudes in the troposphere.
Moreover, air masses carrying dust particles f@envected towards higher altitudes due to the
existence of thétlas MountainsRange Therefore, he combinatiorof strong convective processes

over North Africa along withtopography can explain the identification of dust aerosols at higher
tropospheric levels over the western Mediterrandiars the presenceof mineral particles at high
altitudesin western Mediterraneathat can explain the poe-moderate agreement betweBMio
concentrations and MODISODsfoundin the Iberian Peninsul@rig. 5-ii). In order to give a better
insighttohow t he dust out br eaa lafed theleeel df iagreerhenbetweene n s i C
columnarAQOD satellite retrievals and grourRM:o concentrationsemphasis is given at specific dust
events and the relevant findings will be discussed in section 4.4. In the central and eastern parts of the
Mediterranean basjrair masses carryingfrican dust aerosols travelt lower altitudes oveAfrica

because ofhe absence of significant topographical objects on traite as suggested by Pey et al.
(2013)

Previous studies have shown that dust layers over the Mediterranean are characterized by a
multilayered structure (e.g. Hamonou et al., 1999; Mona et al., 2006; Papayannis et al.T2608).
also depictedh thelongitudinal projection of Figur8-i, where several dust layers of different base/top
altitudes and geometrical thicknesses are detected. In general, the base heights vary frorkr,5 to 2
the top heights from 4 to 8m and the thicknesses from 1 tok#h. The majority of common
observations beveen the CALIOP profiles and the identifi@atenseDD episodes by the satellite
algorithm arerecordedover the maritime parts of the study region (bottom map of &ig. The
maximum number of CALIOP dust observations (~ 19000) is recoaftedythe Atlantic coasts of

Moroccq buthigh numbergabout 10000 15000) arealsofound across the northern African coasts.

Apart from the CALIOP dust observationse have also analyzkthe associatefssonmvalues at
the definedaltituderangesn order to describe thariation ofintensity ofthe desert dust episod@sth
heightover the Mediterraned(rig. 8-ii). The maximum backscatter coefficielits to 0.006 krit srt)
are observed below Bm, being increasetbwards thesouthern edges3Q° N - 34° N) of the study
region close to dust source areddis is explained by thdact that dust particles due toeir coarse
size and large massare efficiently deposied and for this reasorthey are recorded at higher
concentrations near to tlseurce areas and at low altitudegvertheless, the decreasing intensitth
height towards the nortis not so evidentThus high bss2nm values(~ 0.004 km' sr') are observed

between 2 and &m in the latitudinal zone extendirfgpm 35° N to 42° N. Though the uppermost
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altitudes whereelatively high bszonmvaluesgraduallydecrease from 6 té km, moving fromSouthto
North. Any differences in the latitudinal pattero$ dust observations and backscatter vallfégs 8-i
and8-ii) can be explainelly the fact thabsz.nmvaluestake intoaccount only the dust records and not

the overallobservationgall aerosol types)

The decrease of backscatter values at higher altitudes has been pointed out in previous studies
where lidar profiles have beemalyzed over specific Mediterranean locati¢gg. Mona et al., 2006;
Papayannis et al., 2008)levertheless, it must be considered timathe aforementioned studies the
lidar measurements are vallove the retrieved planetary boundary layer (Mattstiad., 2004)which
varies depending on the location and the seabtnGG(ath-Spangleret al., 2013) Despite the good
agreementas it concerns the vertical shape of thg..m curves, between our findings and the
corresponding ones based on ground retrievalghe present analysis thamalculated backscatter
coefficients are in general highevhich is reasonable since are considered only cases of intense desert
dust outbreaks.

The longitudinal pattern ofbssonmprofiles (Fig. 8-ii) is lessdistinctcompared to the corresponding
oneresultingfrom the latitudinal projectiorRelatively highbssznmvalues(~ 0.004 km' sr?) are found
between 1 and &m over the western Mediterraneamhile overthe central and eastern parts of the
studyregiot he desert dus t(~0D06tki' srd is kighér below 1.%m Aniong yhe
subregions,the backscatter coefficients are higher in the central and eastern Mediterrahieanis
also depicted in the bottom map of Ragi. It is reminded that higher intensities of dust episodes over
the central and eastern Mediterranean ralse beennoticed based on MODIS retrievaBidure 7).

From the obtained longitudinal projection, it is evidanpatchy structure of the total backscatter
coefficient profiles, especially in the central and eastern parts, indicating the existence of several dust

layersof varying intensitiest different alitudes irio the atmosphere.

The three dimensional pbbf Figures 8-i and 8-ii, have been also reproduceambnsideringall the
available dust and polluted dust CALIGFALIPSO recordswithout takinginto account the satellite
al gor i t h ririense dusttopthreakslhe obtained results for the number of observations and
bssonmare presented in Figure®-5and 9-ii, respectively Note, thatfor each studied paramettre
colorbar scalesin Figure 8 and S9 are not identicabecausehe number of observations for dust
average conditions (FigS9i) is extremely larger than the corresponding one during intense dust
outbreaks (Fig8-i) while the opposite is found for tHes>nm values (Fig.8-ii and Fig. SO-ii). It is
apparent thathe latitudinal projections calculated for th@ense dust outbreak&ig. 8-i) andfor all
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the availableCALIOP dust recordqFig. 3-i) reveal different patterndMore specifically,when all
available CALIOP dust records are considered, it is found thstt @erosols are mainly confined
between 1 and 3 km in the southernmost parts of the study region while the number of observations
gradually decreasest higher altitudes and towards northern latitu(feg. $-i). On the contrary,
during dust outbreaksineral particles are transported over the Mediterranean following an ascending
path as it is depicted in the latitudinal projection of Fig8fe Nevertheless, it must be mentioned that
over the desert areas there is a full coverage (see bottom magp i#H#) when all dust CALIOP
records are considered contrast tantense dust outbreaks (see bottom map in &ij.attributed to

the absence oDT retrievals, used as inputs to the satellite algorithm, dwveght surfacesThe
comparisorbetweenthe longitudinal projections during intense dust outbreaks (Figneand during
average dust conditions (Fig.9-9§ revealsless remarkable differencaban for the latitudinal
projections According to the longitudinal projection of Figur8-§ in thewestern Mediterraneadust

layers are confined between 1 arelkm, while their base and topltitude both decreas down to 0.5

and 4 km, respectivelyfor increasing longitudes. In the easternmost part of the study region, dust
layers aremainly confined between 1 and 3 kwhile its topheightcan reach up to 5 knthe intensity

of dust loads (in terms dbssonn) is lower than 0.003 kmt sr! regardless the projectigplane for
average dust conditions based on CALIORLIPSO lidar profileqFig. $0-ii). Moreover, the intensity

of dust loads decreases gradually with height as well asSowtinto North revealing a distinct pattern

in all projection planes in contrast to th@m@sponding ones found during desert dust outbreaksgFig.

i).

4.3.2 Seasonatharacteristics

The vertical structure dhe Mediterranean desert dust outbrehls alsobeenanalyzedseparately
for winter, spring, summer and autumfhe seasonal three dimensional representations &fAh¢OP
overall dust observations and the associated total backscatter coefficients are depictddfirand
right column of Figured, respectivelylt must be noted, thdiszonm colorbar®  r aamegcensmon
among the seasondepending on the projection plane. More specificalig maximum limitshave
been seto 0.012 km' srt, 0.014 kmt sr! and 0.021 km sr? for the latitudinal, longitudinal and
bottom map projections, respectivelyshould bementionedthat bsz2nmVvalues can reach up to 0.045

km™ sr, but are associated with a very small number of dust observations.
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The majority (85%) of dusbbservations is recorded in spring and sumraéributedto the
enhanced production rated mineral particlesand the prevailing atmospheric circulatiomer the
source areas and the Mediterranearcording to the latitudinal projections, a seasonaiabdity of
theintenseMe di t erranean desert dust dsuevidemt Bustkparticlesg e 0 m
are detected at higher altitudes7&m) during warm seasonasf the yearwhile in winterthey are
mainly detected below Bm, and in autumn are recorded betw&eand 5km. Nevertheless, ishould
be mentioned thaturing these seasonsly a small number of pixels (see bottom maps in Fgsa,
iv-a) is availableconsidering also that clouds prohibit the satellite obseratidote that in spring
dust can be found at low tropospheric levels while in sumier mainly observed above 1 km
highlighting thusthe role of topographgnd the enhanced thermal convectiDaring the first half of
the year,the maximum dust observations are confined betvieeparallels31° N and 37° N while
during the second ontheyare shifted northwards in the latitudinal zone extending from 34° N to 40°
N. Similar latitudinal projectionsverealsopresented byuo etal. (2015),for the same zonal areas of
the study regioowh o devel oped a new algorithm to i mprov
dust layersFrom the longitudinal projectionss well as from the bottom maps, it is eviddt the
maximum dustecords are founth different Mediterranean stifegions depending on the seasdrhe
geometrical characteristicg longitudinal termsof intenseDD episodesffectingthe western, central
and eastern parts of the Mediterraneansarelar to those presented in the annual three dimensional
structure (Fig8-i) being more frequent in the eastern and central Mediterranean in winter, spring and

autumn and in the western aoehtral Mediterranean in summer

The seasonalpatterns of bszonm latitudinal projections are different than those for the dust
observationswhile they also diffeamongthe four seasond ' he intensity ofwinter DD episodes is
stronger(up to 0.012 km* srt) below 2 km and at the southern parts of the study regictording to
the longitudinaland bottom magprojectiors, these episodetmke placeover the central and eastern
Mediterranearseabut the number of grid cells wittbincidentCALIOP observations andD episodes
is limited. In spring, the highedissonmvalues (upto 0.006 kmt srl) are recordethetween the parallels
31° N and 35° N and below 2 kralthough, relativelyhigh bss2nmVvalues (upto 0.004 km' srl) are
found up to5 km (Fig. 9 ii-b). Moving northwardsover the Mediterraneamust layersare mainly
confined between 2 and Km, associated witthigh bss2nm values (upto 0.004 km! srl) in the
latitudinal zone extending from 35° N to 43° The existence of these elevated dust layers, has been
also confirmed by model simulatiotbrough specific (Papayannis et al., 2002014 or averaged

(Alpert et al., 2004rross sectionsf dust concentrations) the central sector of the Mediterranean.
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971 This is in accordance with our longitudinal projection (Eidi-b), wherebszonmis high varyingfrom
972  0.004to 0.8 km™ srlat these altitude ranges.

973 In summer, the intensity of dust episodessisoothlydecreased at higher altitudeshere dust
974 layers of considerablészonm values arealso found More specifically, thehighest backscatter
975  coefficients (p to 0.008 km? srl) are recordedhear to the surface but also moderate values (up to
976  0.006 km! sr') are observed between 2 andr, particularly over the soutin parts of the study
977 region(Fig. 9 iii-b). Most of thesantenseDD episodes occur in the western Mediterranean, wiere
978  highestbss2nmvalues (up to 0.005 kisrl) are recorded between 2 andkr. Over the central and
979 eastern Mediterraneaaven highebssnmvalues are foundup to 0.014 kit srt) but atlower altitudes

980 (< 1 km).In autumn,the majority of the grid cellsf coincident CALIOP profiles an®D episodes
981 identified by the satellite algorithm are located betw#sm parallels 33° N and 41° Nn this

982 latitudinal zone, CALIOP profiles am@vailable over the interior parts of the Iberian Peninsula and over
983 western and central parts of the Mediterranean Sea, near to the northern AfricanAccastsng to

984 the latitudinal projection bssznm values mainly vary from 0.002 to 0.009 Rnsrl, revealing an
985 increasing tendency for increasing heigl@s the contrarythe total backscatter coefficients dot

986 show a distinct spatial pattern on the longitudinal projectie to the limited number of grid cells
987 participating in the calculation¥ hroughout the yeabased on the CALIOBszonmretrievals,the DD

988 episodes are more inten@g to 0.018 kit srl) in spring when massive dust loads are transported
989 from the Sahara desert towards the ceranal easterparts of the Mediterranean S@mttom map in

990 Fig.9ii-b).

991
992 4.4 Intercomparison of satellittOD andPM:o concentration$or specific desert dust outbreaks

993 In Section4.2,t has been shown that the agreement be
994  PMjo concentrations ibetterin the central and easteilediterraneanvith regardso the westernparts

995 (Figure5-ii). This discrepancyas beenmainly attributed tothe higher altitude oflust layer6 b a s e
996 over the western sector of the study domain (Figdie in relationto the existing areal orography

997 Here, aiming at addressing hoslust layesd geometrical characteristicmfluence the agreement

998 betweencolumnarAOD satellite and groun®Mio measurementspecific desertdust outbreakshat

999 took place ovethe PMjo stationsare analyzedThese outbreaks were selected based on concurrent
1000 fulfillment of the following criteria (i) a DD episodemust be dentified by the satellite algorithm at

1001 pixel level (at 1° x 19rid cell), (ii) total PM1o measuremennust be availablat the station which lies
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1002 into the geographical limits of trerrespondingyrid celland (iii) CALIPSO flies across the grid cell
1003 Thesecriteriawere met forl3 desert dust outbreghkshich took place over Mo stations during the
1004 periodJun.20067 Feb.2013 Similarities were found amortgeidentified casesandthereforeonly the
1005 results for four desert dust outbreaitglifferent geometrical characteristiasediscussedn the present
1006 section.For each case, we haw@roduced the cross sections of fisenmvertical profilesup to8 km
1007 above sea levekl(s.l) along the CALIORPCALIPSO track when the satellite flies near Pl Site
1008 (Figures D-12). Moreover, the correspondirgerosol subtypgrofiles acquired fromthe CALIOP
1009 website http://www-calipso.larc.nasa.gov/products/lidar/browse_images/produitene provided in
1010 the supplementary materialigiares S10S12). Since thePMio concentrations are available only as
1011 daily averages, the optimum solution would be to have the maximum nu@pef CALIOP
1012 overpassesearPMyo site throughout the dayn order to reduce the temporal inconsistenbiesveen
1013 satellitevertical resolvedetrievalsand ground dataHowever, in 8 out of 13 desert dust outbreaks this

1014 was not feasible.
1015
1016 4.4.1 Case 1: 2ZBMay 2008

1017 The first study case refers to a desert dust outbreak that took plac& Mag®008 and affected
1018 the station Cendiat: 39.064, Lon: 8.457pcated in southern SardiniAt the ground, theneasured
1019 mean dailytotal PMio concentration was 1€g ni3 wherea$s8% (or 13sg ni®) of the load consisted of
1020 dust particles indicatinthustheir strongpresencen the lowest tropospher8ased on MODISTerra
1021 retrievals, representative for the whole atmospheric colanthgrid cell the aerosol optical depth at
1022 550nmwas equal to 0.81n order to investigate the vertical distributiontieé dust outbreakhe cross
1023 sections of thebssonm vertical profiles along CALIOP tracknear the stationduring daytime and
1024 nighttime have been reproduced addpcted in Figures @-i and 10-ii, respectively. In additionthe
1025 correspondingerosol subtype profiles are provided in Figur&8-iSand S.0-ii in the supplementary
1026 material. During night, the predominanceaoivell-developedust layemixed with polluted aerosols
1027 is evident(Figure S0-i) extendingfrom surface up to 5 kra.s.l.between the parallels 33° N and 38°
1028 N, while nearthe station its top ilbwereddown to 3 km (left side of Figuredd). Moreover,the bs32nm
1029 valuesrange mainly from 0.002 to 0.003 km' sr! without revealing remarkable variatign#ius
1030 indicating arather compact dust layeAccording to the daytime CALIOP overpass (Figufkiil, a
1031 puredust layer(Figure S.0-ii) is confined betweesurface and 4 kmaffecting the surrounding area of
1032 the station while its intensity (in terms obssznn) varies slightly from 0.0015 to 0.002 krhsrt.
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Nevertheless, uk to the background solar illumination, leading thus tower signatto-noise ratio
(Nowottnick etal., 2016, t he fiborderso of the dust plume dt
to nighttime. According to the obtained results, the grolraded measurements are able to capture
satisfactorily the dust event when its load is equally distributed in the lowest tropospheric levels

resulting thus to goodagreement between MODIS aR¥;o observations

4.4.2 Case 2 and 3: &July 2008 and 12 September 200

Two dust eventghat affected Els TormsNE Spain,Lat: 41.395, Lon: 0.721) and San Pablo
(central Spainlat: 39.525, Lon:4.353) on 18 July 2008 and 1 September 200 respectively, are
studiedhere The daily averages of théotal PMio concentrationsvere equal to 16 and 3y m?,
respectively, whereas ttlku s t  p eonttibution(deist RM1o) to the total amount wazeroin Els
Torms and 33 % in San Pab{n the contrary, thMMODIS-Terra level 3AOD retrievals werédiigh and
equal to 0.56 (Els Torms) and 0.64 (San Pala)icating the existence of duaérosolsaccording to
the satellite al gor lnordenmdgve &Hetesirsigltinming attddesaibingthe t h o «
discrepancies between MODTRrra AOD and PMyo concentrationswe have reproduced the cross
sections of the total backscatter at 588 when CALIPSO fliesduring daytime nearEls Torms
(Figure 1-i) and San Pablo (Figureldi). The corresponding profiles of thEALIOP aerosol
classificationschemeare also available in FiguredBi and S1-ii. In Els Tormswhere the duseMio
concentration was zera,dust layer (Figure Hl-i) with its base at 3.5 kma.s.l.and its top at 5 km
a.s.l, is recorded by the CALIOP liddretweenthe parallels41®° N and 43° N The intensity of the
elevated dust layer, in terms bfsonm variesfrom 0.002 to 0.004 knh sr! (Figure 11-i). Through
CALIOP lidar profiles, it is confirmed the existence of a dust layer aloft, which cannot be captured by
the PMio measurements) contrast to the MODIS spectroradiometir San Pablo, where the dust
particl esd ¢ onRMiploddwasiequal to830%,dushlayerdbustha droundextending
up to5-6 kma.s.l, whereas the dust pluncevers a wide rangén latitudinal termsfrom thesubSahel
to the CelticSea, affecting the Iberian Peninsula (Figuiéd-) . Nevertheless, the intensity of the dust
layer, over the surrounding area of the station, differs with altitude being higher between 2.5 and 5 km
a.s.l. (0.004 to 0.007 knmh srl) and lower between ground and 2 kns.l. (< 0.003 km! srd), as
depicted in the middle of Figureldi. The twostudied caseberediffer from Case 1 (Section 4.4.1)
eitherwith regards to the position of the elevated dager (Els Torms) oto its vertical distribution
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(San Pablg)which explainghe poor agreement betwesatellitecolumnarAOD retrievals(MODIS)

andgroundPMzo concentrations

4.4.3 Case 4: 25February 2007

The case studied here, namely the desert dust outbreak recordgih Marina (Cyprus, Lat:
35.039, Lon: 33.058) on ¥5February 2007, is the strongest one amthe selected caseMore
specifically, thedaily average of the dusMio concentration was equal to 184 n® accounting for
the 92 % of the total PMip measuredamountat the station which is indicative of the strong
predominance aflust particlesn the lowest tropospher&dheMODIS-Terra level 3AOD valuefor the
grid cell to whichthe stationbelongs tas high andequal to 1.04According to the CALIORaerosol
classification schemeduring nighttime,a shallow low-elevateddust layer mixed with polluted or
marine aerosols is headitgwardsthe stationwhereas above tHeMig site (Agia Marina)it extends
from close to the ground up to 9 kans.l, comprisingmainly pure dust aerosold-igure 92). The
main part of the dust layer, in the surrounding area of the station, is confined between 2.5 and 4 km
a.s.l.where the maximurbszznmvalues (up to 0.006 kihsrl) are observed (Figure2)l Also, similar
bsaonmvalues are recorded below 1 lens.l; however the dust layer is not well represented in ¢chess
section of theCALIOP bss2nmVertical profiles due to the total attenuation of the lidar bearoldayds

(locatedbetween 3 and 4 kma.s.l) superimposed to tHew-elevateddust layer

5. Summary and conclusions

This study aimsat describinghe verticalstructureof intensedesert dust outbreaks affexg the
broader Mediterranean basin. To achieve thaigef anupdated version of aobjective and dynamic
algorithm which has beenintroduced by Gkikas et al.2Q09; 2013), has beempplied for the
identification ofstrong and extremedesert dust episodesver the periodMar. 20007 Feh 2013.For
its operation a group ofoptical propertiesretrieved by satellite senso(MODIS-Terra/Aqua, EP
TOMS and OMiAura) on a daily basisis used, providing information aboate r os ol sd | oad,
nature Briefly, the satellite algorithm consists of threeeps at the first one are computed the mean
AOD value(Mean) and the associated standard deviaftg) for the whole study period in each grid
cell of 1° x 1° spatial resolution, at the second one the idenakedsolepisodes are classified based

on their intensityinto strong and extreme ondanally, at the thirdstepthe desert dusepisodes are
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1093 identified among theseseparately over land and sélhrough this approach the selected dataset
1094 consistsonly of intensedesert dust episodeince their intensity (expressed in termsA@Dssonn) IS
1095 higher/equal thato Mean + 2*Std The DD episodeshave also been determinedby applying an
1096 alternativesecond methodolog§METHOD-B), which excludes dusdffected cases identifidzhsed on

1097 the criteria set concerning the aerosol fiaturerelated optical properties.

1098 Through the comparison of thdefaut version of thesatellite algorithm against surface
1099 measurements derived from 109 AERONET andPRR, stations, it is found that:

1100 AERONET

1101 U The correlation coefficient between MODIS and AERON&DDs s increased from 0.505 to
1102 0.750 when level 3 grid cells withigher subgrid spatial representativeness and homogeneity
1103 are considered

1104 U According to the AERONET volume size distributions, the predominance of the coarsésmode
1105 evidentwith a peak (~ 0.28m? em?) for particles radii between 1.2hd 2.24em, in case of

1106 intenseDD episods.

1107 U The appropriateness @ e pi sodesd identification method
1108 confirmed since the majority (35%) of AERONETUios7onmand res values are lower than

1109 0.54 and higher than 0.8%n, respectively.

1110 U About 15% of the pixel level intend®D episodes are misclassified by the satellite algorithm
1111 and these drawbacks are encountered in AERONET stations where the aerosol load is
1112 dominated elter by fine particles or by complex aerosol types.

1113 PMi0 and dust contribution

1114 U The agreement between surface and satellite measurements is better over the central and eastert
1115 Mediterranean stations.

1116 U On a station level, the percentage of the intddBeepisodesfor which a dust contribution to

1117 PMio surface concentration has been recoyrdeties from 68% (Monagrega, northeastern
1118 Spain) to 97% (Boccadifalco, Sicily).

1119 U In the majority of stations, dust particles contribute more than 50% of the total tareacinng

1120 up to 86.8% (Ajia Marina, Cyprus).

1121 U The mearPMio concentration levels mainly vary from 20 to &9 n® reaching up to 2238g

1122 m'2in Agia Marina (Cyprus).
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Basedorthes at el | ite al gorithmbds out p Medderranaandeserte r a l
dust outbreaks is presentéat the periodsMar. 200017 Feh 2013 (MODISTerra) and 2002012
(MODIS-Aqua) The main findingsconcerningthe intenseDD e pi sodesd frequency

episodes yt) and intensity (in terms gfOD at 550nm) are the following:

i

Strong DD episodes occur more frequently (up to 9.9 episoded ym the western
Mediterranean whiléhe extremeones occur more frequently (up to 3.3 episogey over the
central parts of the Mediterranean Sehen thesatellite algorithm operates with MODIRerra
retrievals

The intensity of strong and extreni¥® episodes, iPAOD terms, can reaclo 1.5 and3-4,
respectivelyover the central and eastern parts of the Mediterranean Sea, near off the northern
African coass.

Slightly lower frequencies and higher intensities are found for the periodZ(3 when the
satellite algorithm operatesth MODIS-Aqua retrievals

Through the intercomparison between the two applied methodologies, it is revealéethat
geographical patternsf frequency of occurrencare similarboth for strong and extreni@D
episodeshowever, higher frequencies are found based on METHOD

Based on METHOEB, theDD e p i s antkresifeSare decreasedhereas the geographical
patternsfor the strongDD episodesare notso distinct compared to the corresponding results
obtained by the default version of the satellite algorithm

The similarity between the outputs of the algorithm using the two methodologies shows the

consistency of thalgorithm and the validity of its concept.

In order to describe the vertical structure of ititenseMediterranean dust outbreaks, the CALIOP

vertical profilesof aerosolsultyping and total backscatter coefficient at 53@), are used as a

complementary tool to the identifiedtenseDD episodes by the satellite algorithmhrough this

synergistic approach it is found that:

i

Dust particles are mainly detected betweenah® 6km, following an ascending modep to
40° N, leavilg from the source areas and transported towards the Mediterranean.

Over the western Mediterranean, the dust layersnaiely observed between 2 aBdkm while
their base height is decreased down tokénSor increasing longitudes.

During the warm period of the year, dust particlesuptdgted athigheraltitudes (uUp to8 km).
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1154 U In summerthe transported dust loads over the western Mediterranean are recorded hkivove 1

1155 andin springat lower altitudes over the central and eastemtspaf the study regionThis
1156 behaviorunderlies the role ofopography(e.g. Atlas Mountainspnd the enhanced thermal
1157 convection

1158 U The intensity of dust outbreaks, in termsbegznm is maximized (up to 0.006 kisrt) below 2
1159 km and at the southeparts (30°N - 34° N) of the study region.

1160 U In spring,considerably highss2nmvalues (~ 0.004 krhsrt) are observed between 2 aném
1161 in the latitudinal zone extending from 35° N to 42° N.

1162 U Moderateto-high bszonmvalues are observed up tk@, near tahe source areas, while the top
1163 of dust layers is gradually decreased down kondowards northern latitudes.

1164 0 From the longitudinal projection dfs32nm it is evident thaDD episodes are more intense (~
1165 0.004 km' sr!) between 1 and Em in thewesten Mediterranean, while over the central and
1166 eastern sectors, the maximum intensities (~ 0.006m) are recorded below 1kn.

1167 U On a seasonal basBD episodes are found to be more intense (up to 0.018sk®) in spring,
1168 when dust is transportedwards the central and eastern parts of the Mediterranean region.
1169 At the | ast part o f the present study, it i

1170 distribution can affect the level of agreement between columnar sat€liDeretrievals(MODIS) and

1171 ground PMio concentrationsFor this purposefour intense Mediterranean desert dust outbrexdks

1172 different geometrical characteristics that took place across the Mediterranean, namely in Spain
1173 (western),ltaly (central) and Cyprus (eastera), e st udi ed when satellite
1174 PMjyo concentrations and CALIGBALIPSO lidar profiles are available concurrentQur analysis

1175 clearly shows thavhen a welldeveloped and compact dust layer is located in the lowest tropospheric
1176 levels then the level of agreement between MOIPI® 1o is high. On the contrary, when the dust layer
1177 s aloft or its load is not equally distributed in vertjcdaken a poor agreement between MOPIM1o is

1178 found.

1179 This study attempts to highlight theportance of the synergistic useaaftive and passiveatellite
1180 observations anthe usage ofurfacebased measurementargeting to the representation of the 3D
1181 structure of dust outbreaks atite description otfheir spatial and tempor&tatures For this reason,
1182 the further development of the satellite algorithm is an ongoing process by our group, aiming
1183 extendng the study domain from regional to global scalensidering the latest version of MODIS
1184 retrievals (Collection 006) as well as theep BlueAlgorithm retrievals, available over the major dust

1185 sources of the planet.
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Table 1: AERONET stations, depicted with cyan colors in Figlresed for the identification of desert dusf)) episodes

based on ground retrievals.

Stations Latitude Longitude Study period
Blida N 36A E 02A 7 Nov. 20031 18 Feb 2012
El Arenosillo N 37A W 06A < 1Mar2000i 21 Feb2010
Evora N 38A W 07A ! 4Jul2003i 28 Feb2013
FORTH CRETE N 35A E 25A 23 Jan2003i 6 Aug 2011
IMC Oristano N 39A E 08A  30May2000 28 Feb2003
IMSMETU Erdemli N 36 A E 34A 1 Mar. 20007 28 Feb 2013
Nes Ziona N 31A E 34A . 1Feb2000i 28 Feb2013

Table 2: Percentageof the satellite Angstrém exponent, Fine fraction, Effective Radius and Aerosol Index retrievals

satisfying the defined thresholds in the satellite algorithm for the identification of desert dust episodes

Parameter Valid Invalid Number of DD episodes
Angstrom exponent 97.8%  2.2% 232
Fine fraction 98.7% 1.3% 232
Effective radius  94.5% 5.5% 117
Aerosol Index 86.9% 13.1% 206
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Figure 1. Locations of the AERONET anéM;o stationsthath ave been used for the

evaluati

More specifically, with orange squares are denoted the AERONET stations located into the study region, with the yellow

triangles the AERONET stationsvith coincident satellite and ground retrievals undaest episodesonditions, with the

cyan circlesthe AERONET stations which have been used for the evaluation of the defined algorithm thyesitoldish

the green triangles are depicted Ehid;o stations.
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1732  Figure 2: (i) ScatterplotbetweenMODIS-Terra andAERONET aerosol optical depths at 58@ underintense desert dust
1733 episodes conditionselated tothe: (a) number of leveR counts which are used for the calculation of the {8vedtrievals
1734  and (b) spatial standard deviation inside the 1° x 1° ggll$ (level3 retrievals). (ii) Sensitivity analysis for the calculated
1735 correlation coefficients between satellite and groA@Ds depending on the: (a) number of le@etetrievals and (b) sub

1736  grid standard deviation of lev8Iretrievals.
1737
1738
1739
1740
1741
1742
1743
1744
1745

1746

59



0.7 - Clim (N=54147)
*'7 | —— Al DD (N=346)
o 6 Strong DD (N=283) L
YT —e— Extreme DD (N=63)
e 0.57
i
£ 0.4 ’
2 } _
T
"é 0.2 ) \
3 0 i
] TN
0.0 \‘I#:__
10
1rar Radius (pm)

1748 Figure 3: AERONET size distributions averagederall available retrieval¢orange curve) as well awerthe total (green
1749 curve), strong (cyan curve) and extreme (red curve) desert dust epthatleecurred over the broader area of the
1750 Mediterranean basjmluring the periodiar. 20007 Feb.2013 The error bars represent the calculated standard desgiation

1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765

1766
60



R=0686 0=00930 b=0.016 p-value=12e-33 R=0521 =058 b=0408 p-value=13e11

DD episodes = 232 bias = -0.027  RMSE = 0.065 DD episodes = 147 bias = 0.163 RMSE = 0.080
2.5 - T T - - 0.98 2.5 - T : . 1.74
' I I
: : : Lo
: : : R4 0.85 1.49
E 2 : : : i = E 20 i
c : H H ’ (=] [ S
o p 072 9 5} 124 2
n wi n m
n » n a
H 059 3 H L3 100 »
g & 3 g
< : 045 3 < 10 . 075 g
0 . 2 n : ; ‘ ‘ &
a : 032 § a ; ; 050 g
Q : @ [=] g : : S
b 2 S 05 : : ]
; Io.lg ] : ; ; Io.zs =
. 0.06 0.0 . L ‘ ‘ 0.01
2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
AERONET AOD at 550nm : AERONET AOD at 550nm :
(i-a) (i-b)
R=0704 0=1.001 b=0031 @p-value=287e-19 R=0521 =058 b=0408 p-value=13e11
DD episodes = 117 bias = 0.032 RMSE = 0.094 DD episodes = 147 bias = 0.163 RMSE = 0.080
2.5 - . . . - 1.11 2.5 T T . - 1.38
td
: : P
: : : [ 1.01 121 »
£ . : : H *» g £ 20 m
c : : : : s} c [S]
o 091 5 o 104 2
n ! in jul
n m 1n .
H 08l g ® L5 0.88 r%
8 z 3 a
[ =
< . 071 < < 10 . 071 &
n ; 2 4 : e ‘ ‘ g
o : 061 © a j : ; 054 &
=} : 5 =} P : : -
= : - E S 05 O : : S
: I 051 ! : : : Io.3a E
. L 0.41 0.0 . L ‘ ‘ 0.21
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
AERONET AOD at 550nm H AERONET AOD at 550nm H
(ii-a) (ii-b)
R=068 o0=00930 b=0016 pvalue=12e133 R=0521 =0588 b=0408 pvalue=13e1l
DD episodes = 232 bias = -0.027  RMSE = 0.065 DD episodes = 147 bias = 0.163 RMSE = 0.080
2.5 - T T - - 1.00 2.5 - T : - 1.00
td
: : : Lo
: : : LY 0.86 0.86
E 2 5 : : R E 20
c : : : : c
5] : : 07 3 5] 071 F
n n
n =} n =4
v 1.5 w
E 0.57 o E 0.57 o
=] =]
2 2
2 : 043 2 2 1.0 043 8
n : 3 n 3 : ‘ ‘ 2
=} : 029 5 o : : ‘ 029 &
Q : = Q : : : =
s S 05 : :
; Io.14 ] : ; ; Io.14
. 0.00 0.0 . L ‘ ‘ 0.00
2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
AERONET AOD at 550nm AERONET AOD at 550nm
(iii-a) (iii -b)

1767  Figure 4: Scatterplots of MODIS erra and AERONET aerosol optical dep#t 550nm whenintensedust episodes have
1768 been identified based on: (a) AERONET retrievals and (b) satellite algonigspectively In the left column, colormaps
1769 indicate the correspondingles of: (i) Angstrém exponent, (i) Effective radius and (iii) Day cloud fraction derived by
1770 MODIS-Terra retrievals. In the right column, colormaps indicate the corresponding values of: (i) AERONET Angstrém
1771  exponent, (i) AERONET Effective radius and)(iMODIS day cloud fraction retrieval&or each scatterplot, are provided
1772  the correlation coefficientR), slope ), intercept ), p-value, number oDD episodes, biagMODIS i AERONET)and

1773  root mean square errdRMSH.
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1776  Figure 5: (i) Number of concurrent intenggD episodes where tot&®Mi concentrations and MOD{SerraAOD retrievals
1777 are available, (i) Computed correlation coefficient values between Rdtad concentrations and MOD{Berra AOD
1778 retrievals in stations where at leastllD episodes have been recorded, (iii) Percentage of inf2dsepisodes where dust
1779 particles have been identified by the ground stations, (iv) Dust contribution percentages (%) to theMietal
1780 concentrations, (viCalculated mean and (vi) median dust concentratiogs(®), based on ground measurements for the

1781 identified intensdD episodes by the satellite algorithm.
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Figure 6: Geographical distributions of the occurrerfoequency (episodeg™) of: (i) strong and (i) extreme desert dust
episodesaverageaverthe periods: (aMar. 20007 Feh 2013(MODIS-Terra)and (b) 2003 2012(MODIS-Aqua), over

the broader area of the Mediterranean basin.
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Figure 7: Geographical distributions of the intensity (in termsA®Dssonn) Of: (i) strong and (ii) extreme desert dust
episodesaveragedverthe periods(a) Mar. 20007 Feb.2013(MODIS-Terra)and (b) 2003 2012(MODIS-Aqua), over

the broader area of the Mediterranean basin.
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(i)

0.011

(ii)

Figure 8: Three dimensional structure of the: (i) overall number of dust and polluted dust observations and (ii) total backsce
coefficient at 532hm (in km! sr?), over the broader Mediterranean basitierDD episodes conditiondased on CALIORCALIPSO

21

22
23

vertically resolvedretrievals for the periodun.2006i Feb.2013.
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Figure 9: Three dimensional representation of the: (a) overall number of dust and polluted dust observations and (b) total aekficattdrat 532 nm (in krhsr?), over the broader

Mediterranean basin, undBD episodes conditions, for: (i) winter, (ii) 8pg, (iii) summer and (iv) autumn based on CALKORLIPSO verticdly resolved retrievals, over the period Jun
20061 Feb. 2013.
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Figure 9: Continued.
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Figure 9: Continued.
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(ii)

Figure 10: Cross sections of the total backscatter coefficient at 53Zimam™ srl) vertical profiles along th€ALIOP-
CALIPSOtrackduring: (i) nighttime and (ii) daytimegn 268" May 2008,over the station Censt4t: 39.064,Lon: 8.457).

The black thick solid line represents the surface elevation.
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(ii)
Figure 11: Cross sections of the total backscatter coefficient at 53Zimam™ srl) vertical profiles along the CALIOP

CALIPSO track duringdaytimeover the stations: (i) Els Torm&dt: 41.395,Lon: 0.721) on 18 July 2008 and (ii) San
Pablo (at: 39525 Lon: -4.353) on 12" Septenber2007. The black thick solid line represents the surface elevation.
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