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Abstract

The mainaim of the presenstudyis to describehe vertical structure of thatenseMediterranean
dust outbreaksbased orthe use of satellite andurfacebasedretrievalgmeasuremenisStrong and
extreme desert dust (DD) episodes are identified at 1° x 1° syetdlition, over the periddar. 2000
T Feh 2013 through the implementation of an updated objective and dynamic algoAttoording to
the algorithm, strong DD episodes occurring at a specific place correspond to cases in which the daily
aerosol opticablepth at 550nmAODssonn exceeds or equals the leteym meanAODssonm(Mean)
plus two standard deviations (Std) value being smaller Maan+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 propertiengstréom exponenfjne fraction,effective
radiusandAerosol Inde¥ derived by the MODISTerra& Aqua(also AOD retrievals)OMI-Aura and
EP-TOMS databases are usaslinputsAccordingto the algorithm using MODISTerra data, wer the
periodMar. 20007 Feh 2013, strong DD episodes occur more frequentfyt09.9 episodes ) over

1


mailto:antonis.gkikas@bsc.es

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

62

63
64
65

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 to4.1), over the central and eastern Mediterranean &éahe northern African
coastsSlightly lower frequencies and higher intenstaae found when the satellite algorithm operates
based on MODISAqua retrievals, for the period 200012 The consistence of the algorithm is
successfully tested through the application of an alternative methodology for the determination of DD
episodeswhi ch produced similar features of the epi
higherfrequencies and lower intensitighe performance of the satellite algorithmagsessedgainst
surfacebaseddaily datafrom 109sunphotometri AERONET) and 22 PM stations.The agreement
between AERONET and MODIBOD is satisfactory (R0.5050.75) improving considerablyvhen
MODIS level 3 retrievals withhigher subgrid spatial representativeness and homogeneity are
consideredThe CALIOP vertical prfiles of pure and polluted dust observations #mel associated

total backscatter coefficient at 58 (bss2nn), indicatethat dust particles are mainly detected between

0.5 and 6km, though they cameach8 km between the paralle32° N and 38° Nn wam seasons

while an increasedchumber of CALIOP dust recordst higher altitudes is observed witficreased
latitude,northwards to 40° N, revealing an ascending mode of the dust trartdpaver, the overall
intensty of DD episodes is maximum (up to O®kmi* sr') below 2km and at the southern parts of

the study region (30N - 34° N). Additionally, theaverageahickness oflust layers graduallgecreases

from 4to 2km moving from south to northn spring,dust layers omoderateto-high bssonmvalues(~

0.004 km' sr') are detected over the Mediterrane@g°(N - 42° N), extending fron? to 4 km. Over

the western Mediterranean, duayersare observedbetween 2 and 8m, while their base height is
decreased down to Oln for increasinglongitudesunderlying the role of topography and thermal
convection The vertical profiles of CALIOP Dssonm confirm the multilayered structure ahe
Mediterranean desert dust outbreaks bothannual and seasonbhsis, withseveral dust layersf
variade geometrical characteristicand intensitiesA detailed analysis of the vertical structure of
specific DD episodes using CALIOP profiles reveals that consideration of the dust vertical structure is
necessary when attempting comparisons betwekmnarMODIS AOD retrievals and ground P

concentrations.
1. Introduction

The Mediterranearbasin, due to its proximity to themajor dust source arid areas of Northern
Africa and Middle East (Middleton and Goudie, 2001; Prospero et al., 2002; Ginoux et a).j2012

frequentlyaffected bytransportedigh dust loadseferred to agpisodes or event$he suspension and
2
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accumulation of mineral particles into the atmosphaver theSahar an and Ar abi atl
desertsare determined byarious factors such abke enhanced turbulencspil conditions (reduced
vegetation cover and soil moisturedduced precipitation amountatitudinal shift of the Intertropical
Convergence Zone (ITCZ) as welllag small scale meteorological procesgeg. haboobsHowever

dust particlesan betransported far away from their sourceminly towards the Atlantic Oceas.(.
Prospero and Lamb, 200BenAmi et al., 2010;Huang et al., 200)0and Europed.g. Mona et al.,

2006; Mona et al., 2012Papayannis et al., 2008asartet al., 2012;Begue et al., 201Pey et al,

2013, favoredby the prevailing atmospherairculation patterns, from planetary to synoptic scales.
Due to their frequent transport in the Mediterran@aimeral dust particlesonstitute the predominant
aepsol type thereRarnaba and Gobbi, 200Basart et al.2012, as shown by the good agreement, in
spati al ter ms, bet ween t he geAOP(Gkikab étalad0l3dands t r i
averageAOD conditions(Papadimas et ak008).

Dust particles play an important role for the shortwave (SW) and longwave (LW) radiation budget
(e.g. Kaufman et al., 2002; Tegen et al., 2003; Heinold et al., 2008) and climate (IPCC, 2013). They
affect atmospherideating/cooling rates (e.g. Mallet et al., 9D@vhile they can also 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., 2008).Moreover it has been shown th#te consideration of their radiative impacts in numerical
simulations can improve the forecasting accuracy of weather models (Pérez et al.DA6Dparticles
also affect air quality in urban areas (Basart et al., 201Xiraadverse health effectBiéz et al.,

2012; Karanasiou et al., 2012; PéfearciaPandoet al., 201 All these consequences of dust aerosol

are relevant and maximize under maximum dust loads, namely dust episodes, highlighting thus the
significance 6 analyzing the spatial and temporal characteristics of such eviemthis aim, many

studies have been carried out using eitweface(e.g. Cachorro et al., 2006) or satellite (e.g. Moulin et

al., 1998) observationss well as modéng techniques (g@. Heinold et al., 2007) 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., 2007a Gobbi et al., 2013; Mona et al., 2014Recently, Gkikas et al. (2013) developed an
objective and dynamic algorithm relying on satellite retrievals, which enabled an overabfvikist

episodes over the entire Mediterranean and the charatien of their regime.

Extensive esearch has beeatsocarried out on thenechanism®f Mediterranean dust outbreaks.

Therefore, severahechanisms and processes of transport, apart from dust emissions in source areas,
3
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have been proposexs controllingfactors Moulin et al. (1997)showedthat the exported dust loads

from Northern Africatowards the Atlantic Ocean and the Mediterranean are controlled by the phase of
the North Atlantic Oscillation (NAO)Other studies, focused on the description of atnhesic
circulation characteristicvoring the occurrence of desert dust outbreaks overehial(Barkan et

al., 2005; Meloni et al., 2008) or westeQuerol et al., 1998; Rodriguez et al., 208ajvador et al.,

2014) Mediterraneanbut on a synopticscale An objective classification, based on multivariate
statistical methods, of the atmospheric circulation patterns related to dust intrusions over the
Mediterranean, has bepresentedby Gkikas et al. (208) and Varga et al. (2014)

The concentratiorof dust aerosols in the Mediterranean is characterized by strong spatial and
temporal variability, associated withe seasonal variability afyclonesdominaing or affecing the
broader Mediterranean bagifirigo et al., 2002)According to Moulin et al(1998), dusfAOD levels
are higher in spring and summer comparethewet seasons of the year. Moreoveust intrusionsre
mainly recordedover the southeasterMediterraneann spring and winterpver thewesternpartsin
summer anaverthe centralonesin autumn (Gkikas et al., 2013).

Dust transport over the Mediterranearcisracterized by a mulkayered structure (Hamonou et
al., 1999 Papayannis et al., 20p& contrast to the Atlantic Ocean, which is well confined to the
Saharan Air Layer (8L, Karyampudi et al., 1999)The vertical distribution oflust loadinto the
troposphereaas well ashe profile ofd u st  a eptical properteét different altitudescontrol the
impacts on atmospheric dynamicsluced by the mineral particl§Zharg et al., 2013)In order to
describe the geometrical features adist transport many researchers have dsground lidar
measurementsnodel simulations (Alpert et al., 2004; Kishcha et al. 2G@5)hey have relied on a
synergistic use of satellite obgations and ground lidar profileB¢rthier et al., 2006 The vertical
extension of the Saharan dust intrusions over Europe, during the peric@ @®)0vas the subject af
comprehensivetudy byPapayanis et al. (2008)who used lidar measurementsriréthe EARLINET
(European Aerosol Research Lidar Network, Bosenberg et al., 2008)the Mediterranean stations,
the meanbase top and thicknessf dust layersvas found tovary from 1356 to 2980 m, 3600 to 5900
m and 726 to 3340 m, respectiveRAccordng to the obtained resujtgacers of dust particles can be
detected up to 1@m, asalso reported by Gobbi et al. (200@)ho studied a Saharan dwestent in
Crete (south Greecdpring spring of 1999

Several similar studies have been also performedpecific Mediterranean locations basmu
EARLINET lidar measuremeni$or exampleMona et al. (2006analyzed the vertical structure of 112
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Saharan intrusionthatoccurredover PotenzgItaly), from May 2000 to April 2003The authorgound
that theseoutbreaksare confined between 1.8 andk®n while their masgenteris located at 3.%m
above sea level (a.s.IA. similar analysidor Athens and Thessaloni&ver the period 206R2002,was
conductedby Papayannis et al. (200&6ho demonstratethat dwst layersarerecorded mainly between

2 and 5km while their thicknesses vary frotn2to 3km. The geometrical characteristics of dust layers
over Athensduring the period 2004 2006, have been also presented by Papayannis et al. ,(20@9)
pointed outthat the center of mass of dust layers is locat&i%atm being in a very good agreement
with Kalivitis et al. (2007) findinggaround 3km) for the easternMediterraneanAdditionally, the
authorsreportedthat the dust layers maingxtendfrom 1.6 to 5.8 km while mineral particles can be
detectedat very low concentrationap to 8km a.s.l. Gobbi et al. (2013) found that dust plumes, over
Rome, mainly extend from O to lém while their center of mass is locatataround 3km. In the
southern partef Italy (Potenza), dust laydrdase is found between 2 andk®, their geometrical
height extends from 2.5 tokin while tracers ofdust particlexan be detected up to kfh, based on a
dataset of 310 dust events analyzed by Mona et al. (2Bib&)ly, Pisani et al. (20113tatedthat the
mean base and top of dust layers is found. @k and 46 km a.s.l., respectively, while their mean
thickness is equal to.Bkm, based on atatistical analysis of 45 deseltistepisodesobservedover
Naples (Italy, from May 2000 to August 2003

Surfacebasedlidar measurementbke those used in the aforementioned stugiesvide useful
information about the geometrical and optical properties of dust |dygrheyare representativenly
for specific locationsYet, a more complete knowledge about the vertical structudest outbreaks is
necessary in order to adequately understand and determine their possible Efedimitation
imposed by the use of surfabased lidar observations can be overcome biging accuratesatellite
retrievals as a complementary tqolhich provide extendedspatial coverageSince 2006, vertical
resolved observations of aerosalsd cloudsrom spacewere madepossible thanks to the CALIOP
(Cloud-Aerosol Lidar with Orthogoné Polarization) lidar flying onboard the CALIPSO (Cloud
Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite (Winker et al., Bag8gy on
CALIOP observations, Liu et al. (2008palyzed the global vertical distribution of aerosolsdne
year, while otherstudies focused on the vertical structure of dust outflows towards the Atlantic Ocean
(e.g. BerAmi et al., 2009; Adams et al., 2012; Tsamalis et al., P@t@l the Pacific Oceare.g.
Eguchi et al., 2009Hara et al., 2000 On thecontrary, over thdoroader Mediterranean areanly a
small number of studies 8&een made aimingt describinghe vertical distributiorof dust aerosols

(Amiridis et al., 2013) orspecifying the vertical structure of dust events (Amiridis et al., 2009).
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Nevertheless, they only dealt with a single dust even@LBlay 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 describdtwditerranean desert dust outbraakertical
structure For this purposesatellite retrievals derived by the MODT®rra/Aqua, Earth ProsBOMS,
OMiI-Aura and CALIORCALIPSO databases (Sectid@) are used in a synergistic waythe dist
outbreaks are ideified with an objective and dynamic algorithrwhich usesappropriateaerosol
optical properties representativesof s p e n d e d logdasizet andcnhteréSdrtion 3) Based on its
outputs, theprimary characteristicsf the intenseMediterraneardesertdust (DD) episodesnamely
their frequency and intensitgredescribedn Sectiond.1. Just in order to assess the consistency of the
algorithmd concept, an alternative nsalschapplienl ogy
and the obtained relis are intercompared with the basic methodolo@he outputsof the default
version of thesatellitealgorithmare comparedersussurface measurements provided by AERONET
or PMy stations located within the study region (Sectidr?). Additionally, usful information about
various optical and physical properties under intense dust episodes conditions is also derived from the
aforementionedanalysis. For the identified DD episodegollocated CALIOPCALIPSO vertical
feature mask and total backscatteefficient at 532 nmretrievalsare used in order to describe the
annual and seasonariability of dust outbreal®vertical extensiorover the MediterraneafSection
4.3). Moreover, in Section 4.4a thorough analysis of few specific Mediterranean DD agf@s is
made, in order to examine how the vertical distribution of desert dust outbreaks can affect the
agreement between MODIS AOD and RMata Finally, the summary andonclusions are drawn in

Sectionb.

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 resolve satellite datacoincident with
the identified desert dust outbreaks by the satellite algorinendescribed in Section 2.1Rnally,
surfacebased sunphotometric AERONET retrievals and RMconcentrations, both usefdr the
comparison against theag el | i t e al g are deschibed B Sewtionsp2l2tl sand 2.2.2,

respectively



191

192

193
194
195
196
197
198
199
200
201
202
203
204
205
206

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

2.1 Satellite data

2.1.1MODIS

MODerate resolution Imaging Spectroradiometer (MODIS) onboard the Terra and Aqua satellites
with daytimelocal equator crossing time 40:30 and 13:3WTC, respectively, and 2330 km viewing
swathi acquiesmeasurements at 36 spectral bands between 0.415 and ith28%h varyingspatial
resolution of 250, 500 and 1000. @bservations from Terra and Aqua anade continuouslgince
Felruary 2000 and July 2002, respectively, aade available from the LAADS website
(ftp://ladsweb.nascom.nasa.gpvAerosol optical propertiesre retrievedthrough the Dark Target
(DT) algorithm(see e.g. Kaufian 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 8092Levy et al., 2010

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

MODIS, neverthelessts performance is better over semdertainty equal ta& 0.03 £ 0.05 xAQOD,

Remer et al., 2002) than over [af#00.05 +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 landl(7 o1 6 ) o(iiih Angstrom exponent over ocean
(G5 5 01 8 ) s(ivi fine-mode fraction EF) of AOD over land and ocean and (v) Effective radius over
ocean Kep). 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 conditioi@milar daa have been used by Gkikas et al. (20h8)yever,
in the present studye have improved data quality by usithg quality assuranceveighted(QA) level
3 data (http://modisatmas.gsfc.nasa.gov/_docs/QA_Plan_2007_04_12.ddfived from the level 2

retrievals (1&km x 10km spatial resolution)Each level 2 retrieval, is flagged with a bit value (from O
to 3) corresponding to confidence levels (No confidence: 0, Marginal: 1,:Qcartd Very Good: 3).
Based on this, the level 3 QAeighted spatial means are obtained by the corresponding level 2
retrievals considering as weight their confidence level (bit valngddition the day cloud fraction as
well as the number offevel 2 counts which are both relevant to the performance of the satellite

7
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algorithm, are also usedin this study The time series of daily MODIS aerosol data coverliBer
periodMarch 2000February 2@3 (Terra) andhe 10-yr periodJanuary 200®ecember 2012Aqua)

2.1.2EP/TOMSand OM}Aura

The selected retrievals from MODIS provide information alpuat r t load(A©B) @nd size(U
FF, rer), which are both necessary to identify dust episodes. However, since dust is not the only coarse
aerosol, for example sealt can be so as welgnother optical property indicative of particle
absorption efficiency is also required by the ailpon. To address this issue, tAdsorption Aerosol
Index (Al) daily data were also used, derived from measurements taken by the Total Ozone Mapping
Spectrometer ( TOMS) i nstr u-Rrebe tsatelotef2000 20043 andt thee N A
Ozone Monitomg | nstrument ( OMI ) on b o a20e62013h Al isNh&S A6 s
primary TOMS aerosol product (Herman et al., 198&3ed on a spectral contrast method in a UV
region (331360 nm) where ozone absorption is very sraatl can be used for the tiiction between
scattering (e.g. sesalt) and absorbing (e.g. desert dust, smake)sols. The retrieval algorithfully
describedby Torres et al., 1998; 2002; 200&kes advantage of the low surface albeddthe UV
spectrum rangeeven in arid andem-arid areas, makinthuspossible the estimation of t#OD over
highly reflecting desert surfacesvhere the major dust sources are locatidcethel at e 7006 s,
TOMS sensor onboard Nimbs(19787 1993) and Earth Probe (19962005) has beenproviding
global aerosol measurements. With the deployment of the-A®& OMI (Ozone Monitoring
Instrument) in mie2004 (Torres et al., 2007) the near UV aerosol record continues to be extended into
the foreseeable futur@OMI is a hyperspectral sensatovaing the 276500 nm rangelaunched
onboard the EO®ura satellite on July 15, 2004 (1:38 pm equator crossing time, ascending mode)
providing almost daily global coverage thanks taniide viewing swathZ600 kmwith 13 km x 24 km
nadir resolution Apart from Al measurementsQDMI aerosol products includelso the total and
absorptionAOD andthe single scattering albedat 388 and 500nm (Torres et al., 2007 Both ER
TOMS and OMiAura retrievals are available via the Mirador ftp serip(//mirador.gsfc.nasa.ggv/

of the Goddard Earth Sciences Data and Information Services Center (GES OMICAura data as
MODIS, are provided at 1° x 1° spatial resolutihile the EFTOMS retrievals have been regridded
from their raw spatial resolution (1° x 1.25°) in order to match with the other two datasets (OMI,
MODIS).
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2.1.3CALIOP-CALIPSO

The CloudAer os ol Lidar with Orthogonal Pol ari zat.
CALIPSO (CloudAerosol Licar 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
plane atabout 1330 local solar tim€Winker et al., 2009)CALIOP is an active sensor @msuring the
backscatter signal at 53#n and 1064 1m as well as the polarization at 58&h (Winker et al., 2009).
Theselevel 1retrievalsare further processed (calibration and range correctpasging to Level
orderto retrieve the backscatter aagtinction coefficientsat 532nm and 1064m, for aerosol and
cloud layers.The identification of cloud and aerosol layers within the atmosphere (Vaughan et al.,
2009) is made through the cloud aerosol discriminati@AD) algorithm (Liu et al., 2009which is
based orthe probability distribution functions (PDFs) of altitudedlatitudedependent parameters
(integrated color ratio, layentegrated volume depolarization ratio, mean attenuated backscatter
coefficient) CAD scores varynainly from -100to 100 indicating the presence of aerosols and clouds
when are negative and positive, respectivelyhile 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 summaries/CALIOP L2VFMPr

oducts_3.01.pdf More specifically, theperformance of theclassification schme in the VFM

algorithm either for aerosols or clouds, more reliablefor increasingCAD scores in absolute terms
Aerosols are categorized i primary types namely: (i) clean marine, (ii) dust, (iii) polluted
continental, (iv) clean continental, (Wlhuted dust and (vi) smokK®mar 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 Products (APro) fileavailable from June 2006 to February 20&8th
derived fom the NASAGS Earth Observing System Dat
(http://reverb.echo.nasa.gdpv/The aerosol profile products are generated at a uniform horizontal
resolution of 5 kn{http://www-calipso.larc.nasa.gov/products/CALIPSO _DPC_Rev3xy, udiile the

vertical resolution varies fron®0 to 180m depending on the altitude range and pheameterThe
scientific data sets whidmave been analyzed are the following: (i) aerosol subtyp&; Aib) score and
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(iif) Total Backscatter Coefficient at 53#n (bss2nn), reported aseveraltropospheric and stratosphe

levelsabove mean sea le@lunt et al., 2009)

2.2 Surfacebasedata

2.2.1AERONET

ric

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

installed CIMEL sursky radiometersobtaining surphotometric observationsn more than 1000

locations of the plandtttp://aeronet.gsfc.nasa.gowrhe solar irradiances received by the photometer

areinversedto columnar aerosol opticaind microphysicaproperties through thenplementation of
retrieval algorithms (e.g. Dubovik and King, 2000 O 6 MNle R00J3. Thefollowed standardized

methods concerning instrument maintenance, calibration, cloud screening and data pradess

ing

aerosolmonitoring and comparison between different study periods and @easiov et al., 2000)

From the global AERQET stations, 109 are located within the geographical limits of our study

region.For each statiorthe daily averages ofloud-screened and quality assured datevél 2.0 of

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

size distribution retrieved for 22 logarithmically equidistant discrete pointsn(the range of sizes
0.05pm Or O15 um, (i) Angstrom exponent between 440d 870nm (Uhaos70nn), (iv) total effective

radius(res), and (v) éngle scattering albed@SA and asymmetry paramet@re,) bothretrievedat 440
nm, 675nm, 870nm and 1020 nmThe uncertainty in the estimation &OD depend on technical
(e.g. calibration methodpctorsand inversion assumptignisoth described imletail in Holben et al
(1998) Moreover, the accuracy of the retrievédDD by the CIMEL radiometeris spectrdy
dependentbeing higher €+0.01) for wavelengths longer than 440 and lower €£0.02 for the UV

wavelengths (Eck et al., 199%) should bealso noted thatie AERONET Level 2.0 inversion products

(e.g. SSA)are provided when AOD at 44fim is higher than 0.4 ensuririge minimization of the

inversion uncertaintieswvhich are also determined by other factors (s.qc at t er i ng
sphericity as stated inletail byDubovik et al.(2000).

2.2.2PMyp

Daily total and dussurfacePM;, concentrationsover the period 2002011 from 22 regional

background and suburban background sitere used in this study¥he monitoring siteare dstributed
10
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as follows: 10 in Spain; 2 insouthernFrance; 5 in Italy3 in Greece; 1 irsouthernBulgaria and 1 in
Cyprus.PMj, concentrations were obtained in most cases from gravimetric determinations on filters,
whereas in few cases they were determimgdealtime instruments (Querol et al., 20)%ey et al.,
2013) but corrected against gravimetric measurements carried out in annual field camphaigns
disaggregation of the dust component to the total amount is made bassthtisticalapproach wtah

has been applied in sevepaststudies €.g.Rodrigiez et al.2001;Escudero et al., 200Querol et al.,
200%; Pey et al., 2013 A full description of the methodology which is followed for the calculation of
dust particl es dal RMyispresenbed in Esouderotebal. 200%). Btietlyt the net dust
PMyo amount is calculated through the subtractiothefregional background R which isobtained

by applying a monthly moving 8percentile to the Ph4 timeseriesexcludingdaysof dust transport,
from the corresponding valuestbk total PMy concentrationsMost of thederiveddata were obtained

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

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

3. Identification of desert dust episodes

Following the methodology proposed by Gkikas et al. (2013), desert dust (DD) episodes are
identified based on an objective and dynamic algoritlthich isdepictedin the flowchart of Figure 1.
The algorithmoperates irthreestefs andis appliedin eachindividual 1° x 1°geographicatell within
the geographical limits of thetudy domain29° N- 47° N and 11W - 3% E). First (Fig. 1, yellow
box), the mean(Mean) and the associated standard deviat{@td from the availableAODssonm
retrievalsare calculate for the whole study period’heseprimary statistics are used for the definition
of two threshold levelswhich are equal tdMean+2*Std and Mean+4*Std At the next stepthe
algorithmanalyze the daily AODssonmtimeseriesand classifies an episode astrong onevhen AOD
is between the two defined thresholdidg a n + 2 * S t sghym<CMean @Bt and asan extreme
onewhenAOD is higher/equal thaMean+4*Std(cyanboxes) The sameapproachwas undertaken by
Gkikas et al. (2009Who classifiedthe Mediterranean aerosol episodeger the period 2002007
accordingto their strengthand described thie frequency and intensityit must be clarified that
according to our methodologg areasfrequently affected by dust episodésth mean and standard
deviation values arexpected to bénigh resulting to high threshadvhich means that cases with
moderateto-high AODs also possiblyelevant to radiative and health effecss masked out from the
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datasetln order to investigate éhpossible impacbf this, fiunbiased mestamdard deviatioand
thresholds of AOD aralso computed based on another methodology and the resultssemesed
comparatively to those of the primary methodologya separateparagraph Moreover it must be
mentioned thathe satellite algorithm identifies only intense desert dust episades thier AOD must
be higher thatMean+2*Stdwhichis considered as a high threshold level.

It should be noted thahe representativeness of tt@culatedmean levels ipossibly affected by
the availability of the AOD retrievals and particulably theway these data are distributedl different
temporal scalesTo this aim, wehave calculated the percentage availability of A@&rievals on a
monthly, seasonal and year by year hasier the period 2002013 (results not shown here§easonal
differences of AOD availability arenainly encountered in the northern parts of the study regiath
lower values(20to 40 %9 from December to Februaagainst 5685% for the rest othe year This is
attributed to the enhanced cloud coverpgehibitingthe séellite observationsNeverthelesghis does
not essentially affect the algorithm outputs sitteese regionsbeing far away from the dust sources,
are not so frequently affected by dust outbreaspecially given the significant wet removal of
aerosolguring this most rainy season of the y&an. a year by year basis, td#ferencesof the AOD
data®d s a v aardalmdst negiigibhe.

In a further step of the methodology, tteong and extreme DBEpisodesare identifiedseparately
over land and seasurfacesof the study regionThis is achieved through thesageof specificaerosol
optical properties namely the Angstrom exponent, effective radius, fine fraction and aerosol index,
whichpr ovi de i nformati on ab@lack bop BEgure i).d-breacloptical z e a
property appropriate upper or lower threshelthve been set up (green boxesgure 3 which must be
valid concurrentlyin order tocertify the presence of dust particlesthe atmospherelhesecut-off
levels have been seled according tdhe literature findings, availability of raw data and several
sensitivity testsrfiore details ar@rovidedin Gkikas et al., 2013)The validity of these thresholds is
further evaluatechgainst AERONET measuremerdad the correspondingsultsare discussed in
Section4.2.14.

In order toaddress the issue of possible overestimation of the defined threshold levels, particularly
in the most dust affected areas as it has been mentioned am\egve also applied the satellite
algorithm usng an alternative methodology (METHGB) in which dustaffected grid cells were
excluded In this casgfrom the raw AOD retrievals we have masked outitheur e 0 desert
cells which were identified based on tlwncurrentfulfillment of the defned criteriafor dust

occurrence in the algorithiffior Angstrém exponent, fine fraction, aerosol index and effective radius

12



377 green boxe®f Figure 1). Then, from the remaining data (ftust AOD retrievals)the meanthe
378 associated standard deviatiaa well as the defined thresholdé AOD are computed for the whole
379 study periodfor each pixelasalso donen the primary methodolog¥inally, also similarly to the way
380 done in the primary methodology, the DD episodes wkrssifed into strong and extree ones.The
381 frequency of occurrence and intensitfyDD episodesdetermined with METHOEB are provided in
382 the supplementary material (Figures S1 and S2) while their differences with regards to the primary
383 methodology are discussed in Section 4.1.

384 As explained, a similar methodology and data were used in the study by Gkikas et al. (2013).
385 Nevertheless, the present one is a significant extension mainfivéoreasons: (i DD episodes are
386 identified hereover an extended period of studydfor both MODIS platformsi.e. Mar. 20007 Feh
387 2013for MODIS-Terraand 20032012 forMODIS-Aqua, (ii)) a second methodologfMETHOD-B)
388 for the identification of DD episodes is testéidi) the quality ofthe input datas improvedby using
389 QA-weighted leel-3 data produced by weighting lex2ldata based on their confidence fiagtead of
390 regularones(QAQL), (iv) emphasis is given to the vertical structuréhef intensedD episodesnd (v)
391 therole of thedetailedd u st o ut b r sracturefdr the level bfagceantent betweerolumnar
392 MODIS AOD andground PM;p concentrationdgs investigated Moreover, an improvement of the
393 methodology consists itme application of our satellite algorithasousing onlyAODsassociated with
394 cloud fractions CF) lower/equal than 0.8n order to investigat@ossible modifications of our results
395 due tothe cloud contamination effecon MODIS AODs The critical value of 0.8 for CF has been
396 defined accordingo Zhang et al(2005 andRemer et al(2008) who statedthat under extendetioud
397 coverage condition&OD levels can be increased substantially.

398

399

400 4. Results

401 Before dealing with the vertical structure of dust outbreaks-¢sebors 4.3 and 4.4, it is very

402 important to describe their horizontal patterns {settion4.1) and also tacompare thea | gor i t h m¢
403 outputsagainst quality AERONET and Plyobservationgsubsection4.2) in orderto ensure an

404 accurate thredimensional view othe intenseMediterranean DD episodels.must be clarifiedthat

405 thecompars on of the satellite algorithmdés outputs v
406 version and not for the METHOB, since between the two methodologies rawe found remarkable

407 differencesas it will be presented in Section 44ccordingly, the gnergistic implementation of the

408 CALIOP-CALIPSO lidar profilesis done only when the DD episodes are identified based on the
13



409 primary methodologyThe present section has been organized accordarglythe results are given
410 below.

411
412 4.12Dgeographicaldistrbut i ons of desert dust episodesod fr

413 The meangeographical distributionef st rong and ext r eymfeoccrence pi s ¢
414 (episodes yt) arepresentedn Figure 2.Results are given separately as obtained from MOR%a
415 and Aqua for the periodslar. 20007 Feh 2013 and 2008 2012, corresponding to lockate morning
416 to-noon (Terra) and afternoon(/Aqua) conditions,respectively.It is evident a gradual reduction of
417 frequencies from south to nortlwhile for the strongDD episodesalso appearsa west to east
418 decreasingradient The decreasing soutb-north gradient ofntenseDD episode8frequency which
419 is also in agreement with previous studies based on ground PM measurepuantd ét al., 2008
420 Pey et al., 2013)madel simulations (Papayannis et al., 208814 and AERONETAOD retrievals
421 (Basart et al., 2009tan be attributed tthe increasing distance from the major dust sowsoéstothe
422  higher precipitation amounts at the northern parts of the basin (e.gotatral., 2002; Mehta and
423  Yang, 2008).

424 The maximum frequencies (9.9 episoded)yof strong DD episodes abservedn the western
425 parts of the study regioror both periods and datasetshile the corresponding values for the extreme
426 ones (3.3 epies yi') are observed over the central Mediterraneanf@ellODIS-Terra (Mar. 2000
427 1 Feh 2013) In general, lhere is smilar spatial variabilitybetween Terra and Aquéoughslightly
428 lower maximum frequencies arfound for Aqua Although dust episod® occur rarelyacross the
429 northern parts of the study region (<1 and 0.5 episodefor strong and extreme episodes)eir
430 occurrencegrovesthat dust particles can be transported far away from their soures thecentral
431 (e.g. Klein et al.,, 2010pr evennorthern (e.g. Bégue et al., 2012) European aneaer favorable
432 meteorological condition®\ noticeable difference between the two study perats platformss that
433 relatively high frequenciesf extreme DD episodeare recordedn more norther latitudesin the
434 Mediterranean Sea.e. up to 43° N, according toMODIS-Terraover Mar. 20007 Feh 2013 while
435 they are restricted south @f0° N parallelffor MODIS-Aqua during20032012 In orderto investigate
436 this differencein detail we havealso applied the satellite algorithm, over the period 202BL2 i.e.
437 that of Aquausing MODISTerra retrievals as input§hrough this analysi@esults not shown hera),
438 i s evident that there is a very g o osdorthgpermdsme nt

439 Mar. 20007 Feh 2013 and 2002012 revealinga const ant d u s Therefqrd, theo d e s €
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discrepancy appeared between MODOEra and MODISAqua spatial distributions, iattributed to

the diurnal variation of factors regulatingetemission and transport of dust particles from the sources

areasSchepanski et al. (2009), analyzed the variation of the Saharan dust source activation throughout

the day, based on MSSEVIRI satellite retrievals, reporting that dust mobilization isenatense in

the local early morning hours after sunrise. Note, that desert dust episodes over thelae28@07

Feh 2013 have been identified based on observations retrieved by the Terra satellite, which flies over

the study region around noon inntast to Aqua which provides aerosol measurements at early

afternoon hours

The analysis has beatsorepeatedresults not shown herepnsideringas inputs to the satellite
algorithm only AODs associated with cloud fractions lower/equal than h8order to investigate
possible modifications to our resul(Bigs 2 and 3)due to the cloud contamination effeéts it
concerns the strong DD episodes, the geographical distributions are siithlénoseof Fig. 2,butthe
maximum frequencie@ecorded inMorocco)are higher by up to 2 episodgs and 0.3 episodes yr
for the MODISTerra (Mar 20007 Feh 2013) and MODISAqua (20032012) data set, respectively
On the contrary, in the case of extreme DD episodes the maximum frequiawiesse to 2.5 spdes
yr'! for the period 2002012 and they shift southwards, namelser the northern coasts of Africa
while over the central parts of the Mediterraneanaedower tharl episode yf.

The maps of intensities (in terms AODssony 0of DD episodegFigure 3, show that for botlstudy
periodsand satellite platformghemaximum intensitiegreover the Gulf of Sidra and the Libyan Sea,
alongthe northern African coast$hese intensities readkODsup to about 1.5 for strong addl for
extreme episogk,while the minimumones (values down to 0.28.46)are recorded in the northeand
western Mediterraneaparts. Note thatdissimilar spatial patternsppearbetween the geographical
di stributions of DD epi sodes thesé twdeqgtuwesaneadsternaned
by different factors (e.g. tracks etrengthof depressions)rinally, when thecloud contamination is
minimized using onlyAODs associated wittfCF lower than 0.8, thethe maximum intensities are
shifted southwardsacioss the northern Africa and eastern coasts of the Mediterrabpeiagy lower
than 1 and 2 for strong and extreme DD episodes, respectiMaigugh the rejection of possibly
overestimatedAODsfrom the dataseit is found that the threshold levels aeaeasedmainly over
the most frequently dust affected areasince both mean and standard deviation vales lower
(results not showherg. Neverthelesseven though thes@ODscanbe overestimatedin the majority
of the cases thecollocated AERONET AODs are high(but lower than the satellite observations)

indicating the occurrence of desert dust outbreakis will be shown in Sectioh.2.14.
15
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472 The analysis has been also repeatpeplying the alternativélETHOD-B described in Section 3.

473 Just to ensura longer temporal coverage, this analysis was donte period Mar. 2006eb.2013

474  using MODIS-Terra data The obtained results for the frequency of occurrence as well as for the
475 intensity of DD episodes are depicted in Figures S1 and S2, respectivalye supplementary
476 material. The geographical patterifar the frequency of occurrenbetween the two methodologies are
477  similar; howeverthe maximumvaluesfor the strong and extreme DD episodes can reach up to 13.3
478  episodes yedr(Fig. Sti) and 8.lepisodes yedr(Fig. Stii), respectivelyAs it concerns the intensity,

479 the geographical patternparticularly for the strong DD episodes, are dissimiland less distinct

480 compared to the corresponding onastained withthe primary methodologyThis difference is

481 attributed to the inclusion of more dust episoddh variable intensitywhich leads to a not so clear

482 fAsignal 06 when all t hese epi s-8dhesnaxanune intensities (ag e d .
483 terms ofAODssonn) Of strong DD episodes camach up td (Fig. S2i) while for the extremepisods

484  (Fig. Szii) it can be as large a. The main finding,based onthe intercomparisorof the two

485 methodologies for the identification of DD episodeghat the frequencygf the episodes is highéor

486 the METHOD-B with respecto the primary methodologyvhile the intensitys decreasedBoth facts

487 are expected andan be explained bthe lowercalculated AODthreshold with METHOD-B thus

488 yieldingmore DD episodes of lower intensity.

489 This introdudory analysis was conducted in order to specify the locations where the Mediterranean
490 dust outbreaks occur more frequently and are more intense. Nevertheless, this paper is orientated to the
491 descriptionof the intenseMediterranean dust outbredkeertical structure as well as to the detailed

492 assessmendf the applied satellite algorithm for the identification of DD episodesrder to

493 consolidate our methodologynd not to emphasize on their regime, which has been thoroughly
494 analyzed in Gkikas et al. (28).

495

496 4.2 Comparisorof the satellite algorithin s 0 @adaipst AERONET and Pjdmeasurements

497 The ability of the satellite algorithm to identify satisfactorily DD episodes, is teg@dstground

498 measurementrom 109 AERONET (Fig. 4, orange squaresgnd 22 PMy (Fig. 4, green triangles)

499 stations located in the broader Mediterranean di@ia.is an extended and thorougbmparisorwhich

500 exceeddargely a similar one done for the outputs of the previous version of satellite algorithm (2000
501 2007, Gkikaset al., 2013), but only relying d& AERONET stationsind usingAOD and volume size

502 distributiondata Here the comparison is repeated for the improved algorithm, being extended over a

16



503 longer time period, for a much larger numbeA&RONET stationsandan analysis ofnoreoptical

504 properties namely theAngstrom exponenteffective radius, single scattering albedo and asymmetry
505 parameteiis made The comparisons performed for both study periodsd satellite platform@Viar.

506 20007 Feh 2013for Terraand 20032012for Aqua) while the issue of possible cloud contaminai®n
507 also consideredHowever, since e obtained resultsevealed a very similar performance of the
508 algorithm for both periods and platforms, only the residtsthe periodMar. 20007 Feb 2013 are
509 given here

510 In 46 out of 109 AERONET stations, depicted with yellow triangles in Figuvee havefound at

511 least one strong or extreme dust episddewnhich coincident satellite and ground measurements are
512 available.For the specific AERONE stations and episode daybe mean valuesf the selected
513 AERONET aerosol optical propertidsave been calculatesbparatelyor strong, extreme and glhoth

514 strong and extremd)D episodesdentified by the satellite algorithnSubsequently, these wuals were
515 compared to the corresponding onealculated fromall the available retrievals(climatological
516 conditions, clim)collectedfrom the 109 Mediterranean AERONET statipdsiring the periodMar.

517 20007 Feh 2013 aiming at highlighng the effect of episodes on these optical properties
518 Additionally, in 7 AERONET stations (cyan circles in Figubethe intenseDD episodes have been
519 identified from ground(AERONET) and the corresponding results are compared with the satellite
520 algorithm outputs (Sectiod.2.1.4). Finally, the performance of the algorithm agso tested against

521 surface PMymeasurements fro@2 stationgSection4.2.2)
522

523 4.2.1 AERONET

524 4.2.1.1 Aerosol optical depth

525 During the periodMar. 20007 Feh 2013, 346 pixel levahtenseDD episods have been identified
526 by the satellitdbased algorithmin which coincident MODISTerra and AERONET retrievals are
527 available.It should be noted that AERONEAODss0nm Values have been calculated from available
528 AERONET AODs7onm and Angstréom exponent datBhioszonn) by applying the Angstrom equation
529 (Angstrém, 1929) to match the MODISODssonm For theseintenseDD episodes the comparison
530 between the satellite and ground aerosol optical depths atrB58 givenin Figure 5.Two similar
531 scatterplots withmatched MODISAERONET data pairs are givenhefirst one(Fig. 5i-a)is resolved

532 by the number ofevel 2 (L2) measurementsf 10 km x 10 km spatial resolution from which the
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533 compared 4x 1°level 3 (L3)AODsin the figure are derived. The second scptte (Fig. 5i-b) is
534 resolved by the spatial standard deviation inside the If geographical celllével 3 AODs).Both
535 scatterplots address the issuel@fel 3 AOD subgrid spatial variability, which is essential when
536 attempting comparisons againstabsurfacebasedAOD data like the AERONET.

537 The overall correlation coefficien{R) between MODIS and AERONEAODSsis equal to 0.505
538 with the satelliteAODs being overestimate(bias=0.143) From the overall scatterptit is evident
539 the existence odutliers associated with small numberlefel 2 retrieval§<20, blue color Fig. 5-a)
540 andor high standard deviatior(s0.5, yellowishreddish points, Fig. &b) inside the L3 grid cellThis
541  finding underlines the role of homogeneity and representasseof L3 retrievals for theomparison
542 of MODIS AODsagainst AERONETThis role is better visualized iFig. 5 ii-a, whereare presented
543 thecomputedR values between MODIRvel3 and AERONETAODsdepending otthe number of L2
544  retrievalsfrom which the L3 products were derivedn general,it is known thatthe L2 pixel counts
545 range from O to 121 while in polar regions (typically around 82° latitude) the maxgauninumbes
546 can be even highelue to overlapping orbits and near nadir views intersectdhkgoet al., 2008}t is
547 clearfrom our resultshatthe correlation coefficientaregradually and essentially improvddom 049
548 to 0.75 with increasingrepresentativeness of MODISODs i.e. increasingountsof L2 retrievals
549  attributed A similar improvement has been reported Agiridis et al. (2013)who found abetter
550 agreement between MODIKERONET and CALIOP aerosol optical deptlpplying similar spatial
551 criteria The agreement between MODIS and AERONET also improves when the féw@ier
552 productsare more spatially homogeneous, identhey are characterized by smallk®D standard
553 deviations at the gritbvel (from <0.25 down to <0.05, Fig.ibb). However, arr results also indicate
554 thatapart from increasingorrelation coefficientgup to 07-0.8) with increasinglevel2 counts and
555 decreasing standard deviations, thenber ofintenseDD episodeds decreasedramatically(about

556 40-50 for more than 50 counts and standard deviation smaller than 0.05).

557 In addition, the spectral variation ot AERONET AODs at 7 wavelengtisom 340 to 1020 nmn

558 in climatological and dust episodes conditiomss been investigated (results given in Figure S3,
559 supplementary material)The AOD boxplots producedfor all the available dailly AERONET

560 measurements (ange)andfor the corresponding retrievals during strong (cyan), extreme (red) and all
561 DD (green) episodes identified by the satellite algorigtmow that the spectral variation of aerosol

562 optical depth decreasé@s cases oflust episodeswith respectoth e fAcl i mat ol aghiscal 0O
563 is mainly attributed to thdurtherincreagng AOD levelsat wavelengths longer than 500 by about

564 6timeg than in (or near) the visihle
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4.2.1.2Aerosol volume sizdistribution

In Figure6, arepresented thenean aerosol volume size distribution8\(SD$ calculated from all
availableAERONET data (orange curve) as well as under strong (cyan curve), extreme (red curve) and
all (green curve) DD episodes conditiorihe results are given fdviar. 20001 Feh 2013 u#g
MODIS-Terra (346 intense DD episodes)retrievals as inputs to the satellite algorithnn the
climatological curvetwo modesare distincicentered at 0.1&m for the fine modeand 2.24em for the
coarse mode. There is an about equal contribution tf immdes, indicatinghe coexistence of fine
(e.g. urban aerosols) and coarse (e.g. dust aerosols) particles over the broader Mediterraiiéas area.
resultis in agreement witlprevious studie$or the Mediterraneafe.g. Fotiadi et al., 2008/lallet et
al., 2013).However, umder dust episode conditiorathoughthe AVSDstill has two modes, there is a
dramatic increase of the coarse mode, which strongly domindtee specifically the peak of the
coarsemode(radius between 1.7 and 2.2#n) is increased by factsiof about 10, 15 and 1fbr the
strong, extreme and all DD episodd$e differences between the strong and extreme AVSDs are
statistically significant (confidence level at 95 %) for almost all size bins (18 out of 22) except bin
©O. 050 &em), 2 (0.065 &e&m), 6 ( Oit 4heudd be moted tldhed 7
increment factors are slightly decreased when the algorithm operates oniQihassociated with
cloud fractions less than 0.8 which is reasonable sinsespp bl e fAoveresti mated?o
out from the analysisSimilar modificationsin the shapef AVSDduring dust outbreaks have been
pointed out by several studies in the pagher for the Mediterranean region (ekgibilay et al., 2003;
Lyamani et al., 2005CordobaJabonero et al2017) or for other dust affected areas of the planet (e.qg.
Alam et al., 2014; Cao et al., 2014).

4.2.1.3 Size optical properties, single scattering albedo and asymmetry parameter

The accuracy of the DD episodaetentification method was furthesssessethy also using other
AERONET aerosol optical properties tha®D, namely the Angstrom exponertd) @nd the effective
radius (er) able to provide i nFoobotmaerosobaptica rapert,thep ar t i
boxplotsfor all the available AERONET retrievals as well as for the correspondingldetey strong,

extreme and all D2pisodeshave been produced and depicted in Figure S4 (supplementary material).

Based on our resultshe appropriatenesd the appliedmethodology is confirmed by the drastic
reduction ofU and increase ofe; values when dust outbreaks occur. When all available AERONET

retrievals are considered (clim), the majority (>75%)Uofalues is higher than 1.04 indicating the
19
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strong presence of fine particles in the study domain. On the cortteinyg intense dust episodi®

majority ofthe corresponding values for alldastrong DD episodes are lower tHaB4 while for the

extreme onesare lower than0.36. Such low Angstrém exponent valyesttributed to transported
mineral particles from # northern African deserts (Pace et al., 200@ye been reportedisoin

previous studies (e.g. Tafuro et al. 2006; Basart et al., 2088)existence of coarse aerosols is also
confirmed by the increase ofi values under intense DD conditions congahato the climatological

levels. For all DD episodes, the 75%rgf values is higher than 0.%%n reaching up to 1.4m, while

the mean and the median values are equal to about 0.73, compared to about 0.37 for the climatological

conditions. These valuese even higher when extreme DD episodes are concerned.

Moreover, the spectral variations of ineeragedAERONET single scattering albed&$A and the
asymmetry parameteg4,) are also studieduring intense dust outbreaks the shape and magnitude of
spectral SSA (Figure $%-i) and gaer (Figure S5ii) are modified compared to the climatological
conditions. The spectral curves of both parameters become less and more flattenetLidtepigodes
for SSAandga.en, respectively. FOBSA the steepening salts from decreasing values in the visible and
increasing values in the neafrared (by up to 0.04, reaching 0.97 at 1020 nm). The flatteningsdpr
arises from smaller and largercrementsn visible and neamfrared values, by up to 0.04 and 0.07,
respectively. The differences between strong and extreme DD episodes SSA spectral curves are
statistically significant at 95 % confidence level only at 870 and 1020 nm. On the contrary, the
corresponding differences for tlgg.r are statistically signifiant in all wavelength€Qur results are in
agreement with those presented &8Aby Mallet et al. (2013) in the Mediterranean and dgy by
AladosArboledas et al. (2008) during a dust episode over the southeastern parts of Spain.

4.2.14 Intercompari®n of surfacebasedand satellite algorithmsisedfor 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 sintar products, which are taken 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 retrievalsis has beemrmade for 7
Mediterranean AERONEStations, depicted with cyan circles in Figureldringthe periodgor which
ground retrievals are available (Table The selection of the AERONET stations was based on: (i)

data availability (see last column of Table 1), (ii) their location (i.et tee¢ghe Northern African and
20



627 Middle East deserts) an@ii) theinclusion of sitesnher e t he aerosolsbé regi
628 Arenosillo, FORTH Crete)The intense DD episodes were identified following the methodology

629 described in sectio, but usingonly AOD at 870nm, Uises70nm (IOWer/equal than 0.7) ands (higher

630 than 0.6) ariteria, based upon their availability from AERONET. Subsequently, the algorithm was
631 also operated again using satellite (MOBI&ra, OMIAura, ERTOMS) input data for the days with

632 availabkretrievalsin each of the 7 AERONET statian

633 In Figure7, we presentthe overall scatterplots between satellite and gro&@Ds whenintense

634 DD episodes have been identified based on the ground (left column) and the satellite (right column)
635 algorithm. Colors in Figs.7 i-a, 7 ii-a, 7 iii-a represent the associated MOBISrra Angstrém

636 exponent, effective radius and day cloud fraction (CFD) retrievals, respectively. 17 Flgand7 ii-b

637 colors represent the AERONET Angstrém exponent and effectivesta@spectively, while in Figure

638 7iii-brepresent the day cloud fraction observations derived by Ma®et&. Through this approach it

639 is feasible toassessurthermore the performance of the satellite algorithm, specify its drawbacks and
640 check the vadlity of the defined thresholds (green boxes in Figure 1).

641 It is apparent thathe agreement between MODBT®&rra and AERONETRODsis better when DD
642 episodes are identified from the grouas shown by the increased correlation coefficients (froml0.52
643 to 0.704), increased slope(from 0.6 to 0.91.0) and decreased biases (from 0.16-@003) In
644 particulat when DD episodes are identified from spatee MODISTerra AOD retrievals are
645 overestimated (bias=0.16@jth regards to AERONE]particularlyat low AOD values (€.5). In both
646 algorithms the highest overestimations are associated elithd fractionshigherthan 0.7 due to the
647 possible contamination adfie satelliteAODsby clouds(Figure7 iii-a, iii-b). GiventhatDD e pi s od e
648 identification based oAERONET retrievals is more efficienive have used thesesultsin order to
649  check the validity of the defined threshofds U, | £EFF andre (green boxes in Figure 1) usidthe
650 satellite algorithmFor each aerosol optical properityhas been caltated the percentage oftense
651 DD episodesfor which the correspondingatellite observations are below or abotee defined
652 thresholds depending on the parametéihe resultsgiven in Table 2 are satisfactory, since the

653 percentages range from 87 to 9%nd confirm the validity of the defined thresholds

654 The scatterplotg Figs.7 i-b andii-b also reveakome weaknesses of the satelhitesedalgorithm.
655 More specifically, 1 is found that for few DD episodesidentified by the satellite algorithrthe
656 corresponding AERONETANngstrom exponenand effective radius values arggher than 1 and

657 smaller tharD.4, respectivelyThesevaluesindicatea predominance of fine particlésstead ofcoarse
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658 onesas it would be expected folesert dust aerosols orde to quantifythe number omisclassified
659 pixel levelintenseDD episodedy the satellite algorithmwve have compute the percentagef cass
660 for which the AERONETUvalues arénigher than 1(15%) andrsvalues ardower than 0.4(17.7%)
661 Also, we have repeatlthese calculations for all DD episodes (Secddhl.1) and the corresponding
662 percentagesvere foundto beequal to 11.8% and 14.5%, respectivéliiesemisclassification®f the
663 satellite algorithmoccurin AERONET stationg(e.g. Thessaloniki, Rome, Avignomjith a strong
664 presence oanthropogeni@erosols(Kazadzis et al., 2007Gobbi et al., 2007Querol et al., 2009a;
665 Yoon et al., 2012) Some misclassifations also occuin AERONET stations (e.gEvora, El
666 Arenosillo, FORTH CRETEWwith mixed (natural plus anthropogeniagrosol load (Fotiadi et al.,
667 2006; Toledano et al., 2007b; Hatzianastassiou et al., Z&08ira et al., 20)10ver these areathee
668 are convergng air masses carrying particles of different orjges shownby performed back
669 trajectories analyses(results are not shown hereising the HYSPLIT (HYbrid SingleParticle
670 Lagrangian Integrated Trajectgrynodel (Draxler and Rolph, 2015Nevertheless, it must be
671 mentionedthaDD epi sodes 0 mande attabsitedi td thimvartaccoracywyf MODIS
672 aerosol size retrievals over laffsection 2.1.1)

673
674 4.2.2 PMpand dust contribution

675 Thesat el | i t eoutputs @uarnt framMABRODBIET retrievals have been also compared
676 againstiground PM, concentrationssg m) measuredn 22 Mediterranean statiorfgreen triangles in
677 Figure 4)

678 First, for each stationthe number ofntenseDD episodesnas calculatedfor which coincident

679 satellte and ground measuremeiftstal PM,o) are available (Figur&-i). The number otoncurrent

680 DD episodewaries from 3 to 53veingin generadecreasingrom southern to northern statio@r 14

681 out of 22 stations where at least 10intense DD episodeswere identified by the satellitdbased

682 algorithm we have computethe corelation coefficients between satellif®ODs and surfaceotal

683 PMyo concentrationgFig. 8-ii). The highest R values (up to 0.8) are recorded in the central and eastern
684 parts of theMediterranean while the lowest ones are founth@éwestern station. must be noted that

685 the correlation coefficientare affected by outliersbecausef the limited number of DD episodes in

686 each stationhighlightingthe sensitiveness of the intergoanison.Such outliers can be expected when
687 satellitebased columnaAODs and surfacéased PN} data are comparedjnce satellite AODs are

688 representative for the whole atmospheric colummontrast toin-situ PM measurementshich are
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morerepresentati® for the lowest part othe planetary boundary layaffected also by local factars
Therefore, thevertical distribution ofdesert dust logdas it will be presented in the next secsiazan
determine the level of agreement between satel®®s and suface PM concentrationgAnother

influencing factor can be cloud contamination of MOIBSD.

The identification methody the satellite algorithntan be considered as corr@dten dust P
concentrations are higher than zére. dust has beermecordedat the station)According to this, the
ratio between the number afonzero dust PM observations and the number of DD episodes
(coincidentsatellitederived DD episodeandtotal PMy, measurementdpr each stations defined as
success scord.he calculéed success scoréBigure 8-iii) vary from 68% (Monagrega northeastern
Spain 28 episodesto 97% Boccadifalco, Sicily 33 episodesconfirming the appropriateness of the
DD epi s ode s 6Inihamajorty of statiocmstheé comntribution ofdust particlesto the total
burden(Figure8-iv) is above 50%ranging from44% (Zarra, Spain) to 8®% (Ayia Marina, Cyprus).

In order to complete our analysis we hal®ocalculatedhe mean (Figur8-v) and the mediafFigure
8-vi) dust PMg concentrationsgor the identifiedintenseDD episodes in each statiofhe mean Py}
concentrations mainly vary between 20 and €80 m>, being higherin the southern stationss
expected The minimum mean value (I8 m®) wasrecordedin Censt (Sardinia) and the maximum
one (223g m) in Ayia Marina (Cyprus)Our values are much higher than the correspondingiones
Querol et al (20090, who obtainedthatthe mean levels ahineral matter irPMy during dusty days
range from &o 23eg m* based on ground concentrations derived by 21 Mediterranean statiess.
differences are reasonable sifmreonly intensedesert dust obtreaks associated with high aerosol
optical depthsare consideredFinally, he median PN concentrations are lower compared to the
average onesndicatingthat outliers (cases with extremely higi®D or PM;o) can alter the results,
attributed to the fact h a t b ot h APandiRivVR)tdistnibgtibns dre not Gaussiarkor this
reason the highest differences are found in Finokalia (Crete) grad Marina (Cyprus)wherethe
maximumdaily PMgoc oncentrati ons, e g-urespectively, weré @corded durifig2 9 1
an intense dust outbreak affected the eastern Mediterranean on 24 and 25 February 2006.

4.3 Vertical structure of the Mediterranean desert dust outbreaks

The ability of the developedsatellite algorithmto detectintensedust episodefias been proved
adequate through theomparisonanalysisagainstAERONET retrievals and P} concentrations.

Neverthelessits main limitationis that it usesolumnarsatellite retrievaland na vertical resolved
23
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dataprohibitingthusthe description of therertical structureof thesedust outbreaks. In order smldress

this issue, the CALIORCALIPSO retrievals are used as a complementary tool to the satellite
algorithmd sutputs.First, for theidentified dust episodes by the satellite algorithtire spatially and
temporallycollocated verticdy resolvedCALIOP lidar observationsare selectedFor these cases and

for each 1° x 1° grid celwe have dividd the lower troposphereup to 8 km in 16 layers of 500

meters heightin this way, 14400 boxes of 1° x 1° surface area ah0 metersheight have been
produced. Therfpr each onef them,we havecalculatedhe overallnumber of dust and polluted dust
observationghereafter named as dustjcording tothe aerosolsubtyping scheme of th€ALIOP

Vertical Feature Mask (VFM)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 ons classified by the CALIOP VFM\everthelessni case of polluted dust, Burton et al. (2013)
repored thatdust particles can be mix&dth marine aerosols instead of smoke or pollutioassimed

by the VFM retrievalalgorithm In our study more than95% of the aerosol typeecordswere pure

dust for the collocated casdsetween thesatellite algorithm and CALIPSObservationsin addition,

in the majority of the defined boxes, the percentage of dust from the overall observations is higher than
70%,conf r mi ng furthermore the validity of the alg
is an excellent proof of the successful identification of DD episodes by the satellite algorithm, since
CALIOP-CALIPSO is an independent and vertically resolvedtfpim and database. Thereby,
CALIOP vertical observations were subsequently used to examine the vertical structure of dust

outbreaks.

In order to analyze the intensity of desert dust outbreaks at different altitudes in the troposphere, the
CALIOP data ofthe total backscatter coefficient at 582 (bs32nn) havebeen alsacquired For each
box, the averagbssonmvalueshave been calculatdtbm all the available CALIOP measurements (day
and night) for the identifiedintensedust episodes by the satellite algorithkhore specifically, the
averagebssonm valueswerecalculated for the dust observations based orCiklelOP VFM associated
with CAD scoresranging from-100 to -20, asit has been proposed by Winker et al. (20i®)
discriminating aerosol from cloud3he selectionof bszonm Valuesinstea of extinction coefficients
ensures that incorrect lidar ratio assumptionghe CALIOP retrieval algorithndo not affect our
results.In the literatureit has been documentdidiat theCALIOP lidar ratiois underestimatedverthe
northern African des&s and thesurrounding areaaffected by Saharan dust parti¢lé=ading to an
underestimatiorof the columnarAOD comparedo MODIS andAERONET retrievals(Redemann et
al., 2012;Schuster et al., 2012Amiridis et al. (2013) stated that an increase eflttlar ratio from 40
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to 58 sr along with a series of pesbrrections in the CALIOP retrievals and the implementation of
several criteriaconcerningthe cloud coverage andhe spatial representativenessan improve
substantiallythe agreement between NDI5-AquaAERONET andCALIOP observations.

It should be noted that ithe present work, we have analyzdl the available CALIOP overpasses
(~ 10000)over the study region during the periodJun 20061 Feh 2013. For brevity reasons,
however,only theobtainedresultsbased orMODIS-Terra retrievals arpresented hereince similar
findings are drawnfor MODIS-Aqua Jun 20061 Dec 2012. Moreover, the analysis (results are not
shown here) has been made separately for the identified strong and extreygsb@eswithout
revealingremarkablealifferences in the geometrical characteristics of dust outhrdigkertheless, the
bs32nmVvalues are higher for the extreme DD episodes being consistent with the discrimination of dust
epi sodeso6 i nt A®Dswhichyis applied totthe satelite algbrithin. order tofacilitate
the visualization of our resultfor each colum (1° x 1° spatial resolutior@ndlatitudinallongitudinal
zone (2 degree),we have calculatethe overall number of dust observatioasd the associated
weighted averagof bs3onm depending on the projection plaftatitudinal, longitudinal and colunam),
according to dust observatioirs each box For both parametershe analysis has been made on an
annual and seasonal basisd the corresponding results are discussed in Sectdh& and4.3.2,

respectively.

4.3.1 Annuakharacteristics

In Figure9, arepresentedhe three dimensionatructures of the CALIOP overalldustobservations
(Fig. 9-1) and the associated total backscatter coefficients amn&82-ig. 9-ii), during intensedust
episodes condition®ver the broader Mediterranean area the periodJun 20067 Feh 2013.From
the latitudinal projectioin Fig. 9-i, it is evident that dust particles are mainly detected between 0.5 and
6 km, and more rarelyp to 8km, between the parallels 329 and 38°N. The number of dust
observationss increasedat higher altitudesvith increasing latitudegjp to 40° N while the altitude
range(thickness)where these records are detected is gradually reduced from Knto & northern
latitudes, he CALIPSO dust records are drastically reduaed are mainly observedbetween 1 and 4
km. The ascendingiode of the transported mineral particles over the Mediterranean is attributed to the
prevailing low pressure systemshich mobilize and uplift dust particles from the source areas across
the Sahara Dest and the Arabian Peninsula. Dust aerosols are transported over the planetary boundary

layer (Hamonou et al., 1999) due to the upward movement of dry and turbid air masses (Dulac et al.,
25



783 1992) while the prevailing synoptic conditions determine alsosipetial and temporal characteristics

784  of desert dust outbreaks over the Mediterranean (Gkikas et al., 2014).

785 In general, ar results are in agreement with previous stydased on lidar profilesyhich have
786 been made iseveralMediterranearsites More ecifically, Papayannis et al. (2008) found that dust
787 layers over the EARLINET Mediterranean statioestend from 0.5 to 1&@m above mean sea leyel
788 their center of mass is located between 2.5 andkr8.8nd their thickness ranges from 2.1 to 83

789 Hanonou et al. (1999) reported that dust layers are mainly detected between 1.krarithSed on
790 lidar measurements in therthwestern andortheastern MediterraneaAccording to di Sarra et al.
791 (2001), who studied the Saharan dust intrusiansampedusgcentral Mediterranearfpr the period
792 May-June 1999, dust particles can be detected up8t&rd, which is in linewith our findingsfor the
793 corresponding latitudinal zones (3B°- 36 ° N). Balis (2012) analyzed 33 Raman/lidar profiles
794  Saharan dusntrusions over ThessalonikngrthernGreece), and found that the mean base and top of
795 dust layersvereequal to 2.5+0.9 and 4.2+1.5 km, respectively.

796 As to the variation of vertical extension with longitudkég( 9-i), it is revealedhat the base height

797 of dust layers is decreased towards the eastern parts of the study reghenwestern Mediterranean,

798 the mineral particlesare mainly detected between 2 and 6 Wwiile over the central and eastern

799 Mediterranean the corresponding altitudes are equalat@and 6 km, respectivelit is well known

800 that dustis transported over the western Mediterranean mamsummer €.g. Moulin et al., 1998

801 favored bylow pressure systemscatedover the northwestern AfricéGkikas et al., 2014and the

802 enhancedhermal convectionuplifting effectively dust aerosols at high altitudes in the troposphere.

803 Moreover, air masses carrying dust particles fam@nvected towards higher altitudes due to the

804 existence of théitlas MountainsRange Therefore, ie combinatiorof strong convective processes

805 over North Africa along withtopography can explain the identification of dust aerosols at higher
806 tropospheric levels over the western Mediterrandiars the presenceof mineral particles at high

807 altitudesin western Medgrraneanthat can explain the poeao-moderate agreement between gM

808 concentrations and MODIBODsfoundin the Iberian Peninsul@ig. 8-ii). In order to give a better

809 insighttohow the dust out br eaa kfleed theleeel df iagreerheénbetweere n s i ¢
810 columnar AOD satellite retrievals and ground foncentrationsemphasis is given at specific dust

811 events and the relevant findings will be discussed in section 4.4. In the central and eastern parts of the
812 Mediterranean basjrair masses carnyg African dust aerosols travelt lower altitudes oveAfrica

813 because of absence of significant topographical objects onrthé& as suggested by Pey et al.

814 (2013)
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Previous studies have shown that dust layers over the Mediterranean are charabjerzed
multilayered structure (e.g. Hamonou et al., 1999; Mona et al., 2006; Papayannis et al.T2808).
also depictedn thelongitudinal projection of Figuré-i, where several dust layers of different base/top
altitudes and geometrical thicknesses detected. In general, the base heights vary from 0.5%no, 2
the top heights from 4 to 8m and the thicknesses from 1 tok#. The majority of common
observations between the CALIOP profiles and the identiikenseDD episodes by the satellite
algaithm arerecordedover the maritime parts of the study region (bottom map of iy The
maximum number of CALIOP dust observations (~ 19000) is recoattedythe Atlantic coasts of

Moroccq buthigh numbergabout 10000 15000) arealsofound acrosshe northern African coasts.

Apart from the CALIOP dust observationse have also analyzkthe associatefssonmvalues at
the definedaltituderangesn order to describe theaariation ofintensity ofthe desert dust episod@sth
heightover the Mediterranea(frig. 9-ii). The maximum backscatter coefficieftg to 0.006 krit sr %)
are observed below Bm, being increasetbwards thesouthern edges (3N - 34° N) of the study
region where their source areas are founlkis is explained by théact that dust particles due tioeir
coarse sizeand large massare efficientlydeposied and for this reasothey are recorded at higher
concentrations near to the source areas and at low altibheesrtheless, the decreasing intensitth
height towards the nortts not so evidentThus high Bssonmvalues(~ 0.004 knT sr') are observed
between 2 and &m in the latitudinal zone extendirfgpm 35° N to 42° N. Though the uppermost
altitudes whereelatively high bssonmVvaluesgraduallydecrease from 6 té km, moving fromsouth to
north. Any differences in the latitudinal pattero$ dust observations and backscatter vallrégs 9-i
and9-ii) can be explained by the fact thgt,,nvaluestake intoaccount only the dust records and not
the overallobservationgall aerosol types)

The decrese of backscatter values at higher altitudes has been pointed out in previous studies
where lidar profiles have been analyzed over specific Mediterranean loq@igndona et al., 2006;
Papayannis et al., 2008)levertheless, it must be considered timathe aforementioned studies the
lidar measurements are vadtlove the retrieved planetary boundary layer (Matthias et al., 200dh
varies depending on the location and the seabtw(ath-Spangleret al., 2013) Despite the good
agreementas it comerns the vertical shape of tHes.nm curves, between our findings and the
corresponding ones based on ground retrievalghe present analysis thmalculated backscatter
coefficients are in general highevhich is reasonable since are considered oabes of intense desert

dust outbreaks.

27



846
847
848
849
850
851
852
853
854
855

856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877

The longitudinal pattern ofbszonm profiles (Fig. 9-ii) is lessdistinctcompared to the corresponding
oneresultedfrom the latitudinal projectiorRelatively highbssznmvalues(~ 0.004 kni sr?) are found
betweenl and 5km over the western Mediterraneamhile overthe central and eastern parts of the
studyregior he desert dus t(~0D06tki srd is kighér below 1.%m Amiong yhe
subregions,the backscatter coefficients are higher in ¢batral and eastern Mediterrangaich is
also depicted in the bottom map of Fgi. It is reminded that higher intensities of dust episodes over
the central and eastern Mediterranean ralse beennoticed based on MODIS retrievaBidure 3.

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

layersof varying intensitiest different altitude@to the atmosphere.

The three dimensional peoof Figures 9-i and 9ii, have been also reproduceambnsideringall the
available dust and polluted dust CALIGFALIPSO recordswithout takinginto account the satellite
al gor i t h rfar sntersaidetpouttiremks)The obtained results for the number of observations
andbszonmare presented in Figures-5@nd S6ii, respectively Note, thatfor each studied parameter
the colorbarscalesin Figure 9 and S@re not identicabecausahe number of obseations for dust
average conditions (Fig.-i is extremely larger than the corresponding one during intense dust
outbreaks (Fig. 9) while the opposite is found for thiesnm values (Fig. Si and Fig. 6i). It is
apparent thathe latitudinal projectios calculated for thentense dust outbreak&ig. 9-i) andfor all
the availableCALIOP dust recordqFig. S6i) reveal different patterndvore specifically,when all
available CALIOP dust records are considered, it is found that dust aerosols are coaifimgd
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. S6i). On the contrary,
during dust outbreaksnineral particles are ngported over the Mediterranean following an ascending
path as it is depicted in the latitudinal projection of Figure Blevertheless, it must be mentioned that
over the desert areas there is a full coverage (see bottom map in fgwisé all dust BLIOP
records are considered contrast tantense dust outbreaks (see bottom map in Figy.a@ributed to
the absence of DT retrievals, used as inputs to the satellite algorithmproget surfaces The
comparisorbetweerthe longitudinal projectionsduring intense dust outbreaks (Figur@ @ndduring
average dust conditions (Fig. -§6revealsless remarkable differencaban for the latitudinal
projections According to the longitudinal projection of Figure-5én the western Mediterraneaayst
layers are confined between 1 arélkm, while their base and topltitude both decreas down to 0.5

and 4.5 km, respectivelyor increasing longitudes. In the easternmost part of the study region, dust
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layers aremainly confined between 1 and 3 kwhile its topheightcan reach up to 5 knthe intensity

of dust loads (in terms dissonn) is lower than 0.003 ki sr* regardless the projectioplane for

average dust conditions based on CALIORLIPSO lidar profilegFig. S6ii). Moreover, the intensity

of dust loads decreases gradually with height as well as from south to north revealing a distinct pattern

in all projection planes in contrast to the corresponding ones found during desert dust outbreaks (Fig. 9

i).

4.3.2 Seasonatharacteristics

The vertical structure dhe Mediterranean desert dust outbrehls alsobeenanalyzedseparately
for winter (DJF), spring (MAM), summer (JJA) and autumn (SOM)e seasonal three dimensional
representations of th€€ALIOP overall dust observations and the associated total backscatter
coefficients are depicted e left and right column of FigureQl respectivelylt must be noted, that
for bszonmthecolorbar®  r aarega@mnondepending on the projection plane. Ma@pecifically the
maximum limitshave been se¢b 0.012 knT sr*, 0.014 knitt sr* and 0.021 krit st for the latitudinal,
longitudinal and bottom map projections, respectivélghould bementionedthat bs3.nm values can
reach up to 0.045 Kihsr?, but are associated with a very small number of dust observations.

The majority (85%) of dust observations is recorded in spring and synatdutedto the
enhanced production rated mineral particlesand the prevailing atmospheric circulatiomer tre
source areas and the Mediterrane&ocording to the latitudinal projections, it is evident a seasonal
variability of theintenseMe di t erranean desert dust oWusbr e ak
particles are detected at higher altitude§ {@n) during warm seasonsf the yeamwhile in winter 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 Figs-al
iv-a) is availableconsidering also that clouds prohibit the satellite observatiote that in spring
dust can be found at low tropospheric levels while in sumimer mainly observed above 1 km
highlighting thusthe role of topographgnd the enhanceddaimal convectionDuring the first half of
the yearthe maximum dust observations are confined betvieeparallels31° N and 37° N while
during the second one, are shifted northwards in the latitudinal zone extending from 34° N to 40° N.
Similar latitudinal projectionswverealsopresented byuo et al. (2015)for the same zonal areas of the
studyregonwh o devel oped a new algorithm to i mprove

layers. From the longitudinal projectionas well as from the ditom maps, it is evidenthat the
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909 maximum dust records are foumddifferent Mediterranean stifegions depending on the seasdrhe

910 geometrical characteristicg longitudinal termsof intenseDD episodesffectingthe western, central

911 and eastern per of the Mediterranean asemilar to those presented in the annual three dimensional
912 structure (Fig9-i) being more frequent in the eastern and central Mediterranean in winter, spring and

913 autumn and in the western acehtral Mediterranean in summer

914 The seasonalpatterns of bszonm latitudinal projections are different than those for the dust
915 observationswhile they also diffeamongthe four seasondhe intensity ofwinter DD episodes is
916  stronger(upto 0.012 kni sr) below 2 km and at the southagarts of the study regioccording to
917 the longitudinaland bottom mayprojectiors, these episodetske placeover the central and eastern
918 MediterranearSeabut the number of grid cells wittbincidentCALIOP observations and DD episodes
919 s limited. In sping, the highesbssonmvalues (ugo 0.006 km'* srt) are recordetbetween the parallels
920 31° N and 35° N and below 2 kralthough, relativelyhigh Bszznmvalues (upto 0.004 km'* sr') are
921 found up to 6 km(Fig. 10 ii-b). Moving northwardspver the Mediterraneamlust la/ers are mainly
922 confined between 2 and Km, associated witthigh bssznm values (upto 0.004 kmt' sr') in the
923 latitudinal zone extending from 35° N to 43° e existence of these elevated dust layers, has been
924 also confirmed by model simulatiorisrough specific (Papayannis et al., 20020149 or averaged
925 (Alpert et al., 2004kross sectionsf dust concentrations) the central sector of the Mediterranean.
926 This is in accordance with our longitudinal projection (Fig.iib), wherebssznmis high varyirg from
927 0.004to 0.08km™ srtat these altitude ranges.

928 In summer, the intensity of dust episodesisoothlydecreased at higher altitudeshere dust
929 layers of considerabléssnm values arealso found More specifically, thehighest backscatter
930 coefficients (ip t0 0.08 km™ sr') are recordedear to the surface but also moderate values (up to
931  0.006 km™ sr') are observed between 2 and, particularly over the soutn parts of the study
932 region(Fig. 10 ii-b). Most of thesentenseDD episodes awir in the western Mediterranean, whtre

933 highestbssonmvalues (up to 0.005 kinsr?) are recorded between 2 anddb. Over the central and
934 eastern Mediterraneaaven highebsssnmvalues are foundup to 0.014 knt srt) but at lower altitudes
935 (< 1 km).In autumn,the majority of the grid cellsf coincident CALIOP profiles and DD episodes
936 identified by the satellite algorithm are located betw#em parallels 33° N and 41° Nn this

937 latitudinal zone, CALIOP profiles am@vailable over the interior parts of the Iberian Peninsula and over
938 western and entral parts of the Mediterranean Sea, near to the northern African deoasisding to

939 the latitudinal projection bssnm values mainly vary from 0.002 to 0.009 Rnsr?, revealing an

940 increasing tendency for increasing heigl@ the contrarythe total backscatter coefficients dot
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show a distinct spatial pattern on the longitudinal projectime to the limitechumber of grid cells
participating in the calculationhroughout the yeabased on the CALIOBs3.nmretrievals,the DD
episodes are more inten@gp to 0.018 knt sr') in spring when massive dust loads are transported
from the Sahara desert towartie ttentrabind easterparts of the Mediterranean S@attom map in
Fig. 10ii-b).

4.4, Intercomparison of satellittOD andPM;o concentration$or specific desert dust outbreaks

In Section 4.2.2 tihas been shown that the agreement between thetsaellial| gor i t hmo s
PMjo concentrations ibetterin thecentral and easteivediterraneamnwith regardgo the westernparts
(Figure 8ii). This discrepancyias beenmainly attributed tothe higher altitude oflust layer6 b as e
over the western semt of the study domain (Figurei} in relation to the existing areal orography
Here, aiming at addressing hoslust layesd geometrical characteristicmfluence the agreement
betweencolumnarAOD satellite and groun®M;, measurementspecific desertdust outbreakshat
took place ovethe PMy stationsare analyzedThese outbreaks were selected based on concurrent
fulfillment of the following criteria (i) a DD episodanust be dentified by the satellite algorithm at
pixel level (at 1° x 1grid cell), (ii) total PM;p measurementnust be availablat the station which lies
into the geographical limits of trmrrespondingyrid celland (iii) CALIPSO flies across the grid cell
Thesecriteriawere met forl3 desert dust outbreghkshich took place ove® PMq stations during the
period 20002013 Similarities were found amortheidentified casesandthereforeonly the results for
four desert dust outbreaks$ different geometrical characteristiase discussedn the present section.
For each case, weate produced the cross sections offifg.mvertical profilesup to8 km above sea
level @.s.l) along the CALIOPCALIPSO track when the satellite flies near &M, site (Figures 11
13). Moreover, the correspondingerosol subtypeprofiles acquired fom the CALIOP website
(http://www-calipso.larc.nasa.gov/products/lidar/browse_images/produytiare provided in the
supplementary material (Figure§-S9). Sincethe PMg concentrations are available only as daily
averages, the optimum solution would be to have the maximum nu@befr CALIOP overpasses
near PM;, site throughout the dayn order to reduce the temporal inconsistentiesveen satellite
vertical resolvedretrievalsand ground dataHowever, in 8 out of 13 desert dust outbreaks this was not

feasible.
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4.4.1 Case 1: Censt (?@ay 2008)

The first study case refers to a desert dust outbreak that took plact Mag&008 and affected
the statbn Censf(Lat: 39.064, Lon: 8.457lpcated in southern Sardiniat the ground, theneasured
mean dailytotal PMyo concentration was 189 m° whereas$s8% (or 13eg m°) of the load consisted of
dust particles indicatinghustheir strongpresencen the lowest tropospher8ased on MODISTerra
retrievals, representative for the whole atmospheric colanthgrid cell the aerosol opticalepth at
550nmwas equal to 0.81n order to investigate the vertical distribution of the dust outbréak;ross
sections of thebszonm vertical profiles along CALIOP tracknear the stationduring daytime and
nighttime have been reproduced addpcted in Figures 14 and 1Z%ii, respectively. In additionthe
correspondingaerosol subtype profiles are provided in Figur@s &nd S-ii in the supplementary
material. During night, it is evident the predominanceaofell-developeddust layermixed with
polluted aerosols (FigurerS) extendingfrom surface up to 5 kra.s.l.between the parallels 33° N and
38° N, while nearthe station its top ifowereddown to 3 km (left side of Figure 4L Moreover,the
Psa2nmVvaluesrangemainly from0.002 to 0.003 kn sr* without revealing remarkable variatigrtbus
indicating a rather compact dust lay@iccording to the daytime CALIOP overpass (Figureiil,la
puredust layer(Figure S-ii) is confined betweeruiface and 4 kmaffecting the surrounding area of
the station while its intensity (in terms obsson,) varies slightly from 0.0015 to 0.002 kih sr™.
Nevertheless, uk to the background solar illumination, leading thus tower signatto-noise ratio
(Nowottnick etal., 201, t he Aborderso of the dust pl ume
to nighttime.According to the obtained results, the grolraded measurements are able to capture
satisfactorily the dust event when its load is equdilktributed in the lowest tropospheric leyels
resulting thus to goodagreement between MODIS and RMbservations

4.4.2 Case 2 and 3: Els Torms {LBuly 2008) and San Pablo (1Beptember 200

Two dust eventghat affected Els Torrm (NE Spain,Lat: 41.395, Lon: 0.721) and San Pablo
(central Spainlat: 39.525, Lon:4.353) on 16 July 2008 and 12 September 200 respectively, are
studiedhere The daily averages of theotal PMy concentrationsvere equal to 16 and 3y m®,
regectively, whereas the u s t p eonttibution(dess BMo) to the total amount wazeroin Els
Torms and 33 % in San Pablon the contrary, th#1ODIS-Terra level 3 AOD retrievals wetdgh
andequal to 0.56 (Els Torms) and 0.64 (San Palraljcating the existence of duaerosolsaccording

to the satellite al gmorderthgve s betier insglsimihgi acdadcribiogn
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the discrepancies between MODBT8rraAOD and PMg concentrationsve have reproduced the cross
sectionsof the total backscatter at 53tn when CALIPSO fliesduring daytime nearEls Torms
(Figure 12i) and San Pablo (Figure 4. The corresponding profiles of thEALIOP aerosol
classificationschemeare also available in Figure8-$and $B-ii. In Els Tams, where the dust PM
concentration was zera,dust layer (Figure &i) with its base at 3.5 kra.s.l.and its top at 5 kma.s.|,

is recorded by the CALIOP liddretweenthe parallels41° N and 43° N The intensity of the elevated
dust layer, in termef Bszonm variesfrom 0.002 to 0.004 ki sr* (Figure 12i). Through CALIOP lidar
profiles, it is confirmed the existence of a dust layer aloft, which cannot be captured by {he PM
measurements contrast to the MODIS spectroradiometer San Pablowher e t he dust
contribution to the total PM load was equal to 33 %,dust layerabutsthe groundcextendingup to5-6

km ASL, whereas the dust plunoevers a wide rangen latitudinal termsfrom the subSahel to the
Celtic Sea, affecting thiberian Peninsula (Figure8si). Nevertheless, the intensity of the dust layer,
over the surrounding area of the station, differs with altitude being higher between 2.5 aradsd.km
(0.004 to 0.007 ki sr') and lower between ground and 2 krs.l.(<0.003 km' sr), as it is depicted

in the middle of Figure XH. The twostudied caseBerediffer from Case 1 (Section 4.4.&jtherwith
regards to the position of the elevated dager (Els Torms) oto its vertical distribution (San Pablo)
which explainsthe poor agreement betwesatellitecolumnarAOD retrievals(MODIS) and ground

PM;io concentrations

4.4.3 Case 4: Agia Marina (35 ebruary 2007)

The case studied here, namely the desert dust outbreak recorded in Agia Marina (Cyprus, Lat:
35.039, Lon: 33.058) on d5February 2007, is the strongest one amtey selected caseMore
specifically thedaily average of the dust Rbconcentration was equal to 184 m* accounting for
the 92 % of the total PM;y measuredamount at the stationwhich is indicative of the strong
predominance odlust particlesn the lowest tropospher&gheMODIS-Terra level 3AOD valuefor the
grid cellto whichthe stationt is found is high andequal to 1.04According to the CALIORaerosol
classification schem during nighttime,a shallow low-elevateddust layer mixed with polluted or
marine aerosols is headingwardsthe station whereas above the Rbisite (Agia Marina) extends
from close to the ground up to 9 kaxs.l, comprising only pure dust aeros@igure 9). The main

part of the dust layer, in the surrounding area of the station, is confined between 2.5 arads4.km
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where the maximurssonmvalues (up to 0.006 kinsr?) are observed (Figure 13). Also, simif&ganm

values are recorded belowkin a.s.l; however the dust layer is not well represented in thess

section of theCALIOP bssonmVertical profiles due to the total attenuation of the lidar bearoldayds

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

5. Summary and conclusions

This study aimsat describinghe verticalstructureof intensedesert dust outbreaks affexqg the

broader Mediterranean basin. To achieve thiget anupdated version of aobjective and dynamic

algorithm which has beenintroduced by Gkikas et al.2Q09; 2013), has beempplied for the

identification ofstrong and extremdesert dust episodesver the periodMar. 20007 Feh 2013.For

its operation a group ofoptical propertiesretrieved by satellite seoss (MODIS-Terra/Aqua, EP

TOMS and OMiAura) on a daily basisis used, providing information aboate r o s ol s 6 |

oad,

nature Briefly, the satellite algorithm consists of three paststhe first one are computed the mean

AOD value(Mean) and the asociated standard deviati¢ftd for the whole study period in each grid

cell of 1° x 1° spatial resolution, at the second one the idenaiedsolepisodes are classified based

on their intensity to strong and extreme orté@gally, at the thirdpart the identified aerosol episodes

are categorized as desert duspisodes separately over land and sélhrough this approach the

selected dataset consistsly of intensedesert dust episodssice their intensity (expressed in terms of

AODssonn) is highefequal thanMean + 2*Std The DD episodeshave also been determinedby

applying an alternative second methodologfMETHOD-B) which excludes dusiffected cases

identifiedbased on the criteria set concerning the aerosol size related optical properties.

Bazdonthes at el | ite algorithmbés outputs, an over al
dust outbreaks is presentéar the periodsMar. 20007 Feh 2013 (MODISTerra) and 2002012

A

(MODIS-Aqua) The main findingsconcerningthe intense DD episo@ s 6
episodes yt) and intensity (in terms g§OD at 550nm) are the following:

frequency

U Strong DD episodes occur more frequently (up to 9.9 episodés igr the western

Mediterranean whiléhe extremeones occur more frequently (up to 3.3ssmlesyr™) over the

central parts of the Mediterranean Se&hen the satellite algorithm operates with MOOI&ra

retrievals
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1062 U The intensity of strong and extreme DD episodes, in AOD terms, can tedch and3-4,

1063 respectivelyover the central and dasn parts of the Mediterranean Sea, near off the northern
1064 African coasts

1065 U Slightly lower frequencies and higher intensities are found for the periodZ23 when the
1066 satellite algorithm operategth MODIS-Aqua retrievals

1067 U Through the intercomparisdoetween the two applied methodologies, it is revealedtheat
1068 geographical patternsf frequency of occurrencare similarboth for strong and extreme DD
1069 episodeshowever, higher frequencies are found based on METHOD

1070 U Based on METHOEB, the DD episode§intensitiesare decreasethereas the geographical
1071 patternsfor the strong DD episodeme notso distinct compared to the corresponding results
1072 obtained by the default version of the satellite algorithm

1073 U The similarity between the outputs of the altfori using the two methodologies shows the
1074 consistency of the algorithm and the validity of its concept.

1075 Throughthe comparisomf the satellite algorithm againsiurfacemeasurements derived from 109

1076  AERONET and 22 PW stationsit is found that

1077 AERONET

1078 U The correlation coefficient between MODIS and AERON&DDSs s increased fron®.505 to
1079 0.79 whenlevel 3 grid cells witthigher subgrid spatial representativeness and homogeneity
1080 are considered

1081 U According to the AERONET volume size distributioiitsis evident the predominance of the
1082 coarse modevith a peak (~ 0.28m> em™) for particles radi between 1.0 and 2.24em, in
1083 case ointenseDD episods.

1084 U Theappropriateness of DD epplied mtheesatdllite ialgoatmtis f i c :
1085 confirmed since thenajority (>75%) ofAERONET Us0s70nmandres values are lower than 0.54
1086 and higher than 0.56m, respectively

1087 U About 15% of the pixel levehtenseDD episodesare misclassified by the satellite algorithm
1088 and these drawbacks are encowdein AERONET stations where the aerosol load is
1089 dominated either by fine particles or by compdexosotypes.

1090 PM;q and dust contribution
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Theagreement between surfaared satellite measuremeimgsbetteroverthe central and eastern
Mediterranearstations

On a station level, the percentage of the intense DD episioteghich a dust contribution to
PMyo surface concentration has been recordeies from 68% (Monagrega, northeastern
Spain)to 97%(Boccadifalco, Sicily)

In the majority of stations, @t particles contribute more than 50% of the total amoeathing
up to 86.8% (Ayia Marina, Cyprus)

The mean PN} concentration levels mainly vary from 8950 &g m™ reaching up t@23eg m’

%in Ayia Marina (Cyprus)

In order to describe the verticstiucture of thentenseMediterranean dust outbreaks, the CALIOP

vertical profilesof aerosolsultyping and total backscatter coefficient at 538@), are used as a

complementary tool to the identifieidtenseDD episodes by the satellite algorithihrough this

synergistic approach it is found that:

i

Dust particles are mainly detected betweenah® 6km, following an ascending modep to

40° N, leaving from the source areas and transported towards the Mediterranean.

Over the western Mediterranean, thetdagers arenainly observed between 2 a6km while
their base height is decreased down toktnSor increasing longitudes.

During the warm period of the year, dust particlesuptdted athigheraltitudes (up to8 km).

In summerthe transported cil loads over the western Mediterranean are recorded abiowe 1
and in springat lower altitudes over the central and eastern parts of the study régisn.
behaviorunderlies the role ofopography(e.g. Atlas Mountainsand the enhanced thermal
convecton.

The intensity of dust outbreaks, in termsbgf,.m is maximized (up to 0.006 khsr') below 2

km and at the southern parts (302 34° N) of the study region.

In spring,considerably higtbssonmvalues (~ 0.004 kihsr) are observed between 2datikm

in the latitudinal zone extending from 35° N to 42° N.

Moderateto-high bssonmVvalues are observed up tk@, near to the source areas, while the top
of dust layers is gradually decreased down ikondowards northern latitudes.

From the longitudial projection ofbszonm it is evident that DD episodes are more intense (~
0.004 km'" sr') between 1 and Bm in thewesternMediterranean, while over the central and

eastern sectors, the maximum intensities (~ 0.006 1) are recorded below 1kn.
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i On a seasonal basis, DD episodes are found to be more intense (up to 0'Gt8) kmspring,

when dust is transported towards the central and eastern parts of the Mediterranean region.

At the last part of the present study, it is investigated howdtlees e r t dust out br
distribution can affect the level of agreement between columnar satellite AOD ret(M@ES) and
ground PM, concentrationsFor this purpose four intense Mediterranean desert dust outboéaks
different geometrical chacteristics that took place across the Mediterranean, namely in Spain
(western), Saidia (central) and Cyprus (easter@,r e st udi ed when satelll.]
ground PMo concentrations and CALIOGBALIPSO lidar profiles are available concurrgntOur
analysis clearly shows thathen a welldeveloped and compact dust layer is located in the lowest
tropospheric levelghen the level of agreement between MOIPI®, is high. On the contrary, when
the dust layer is aloft or its load is not equaligtibuted in vertical terms then a poor agreement
between MODISPM;, is found.

This study attempts to highlight the importance of the synergistic use of satellite observations and
the usage ofurfacebased measurementargeting to the representai of the 3D structure of dust
outbreaks andhe description oftheir spatial and tempordkeatures For this reason, the further
development of the satellite algorithm is an ongoing process by our group, atestendng the
study domain from regionaio global scale considering the latest version of MODIS retrievals
(Collection 006) as well as the Deep BRigorithm retrievals, available over the major dust sources of

the planet.
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Table 1: AERONET stations, depicted with cyan colors in Figure 4, which have been used for the identification of desert

dust (DD) 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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1662 Figure 1. Methodologyappliedto each 1° x 1° grid celfor the identification of theéntene Mediterranean desert dust
1663 outbreaks

1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674

1675

56



11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39"4E

47°N 47°N 47°N - o
44°N 44°N 44°N
(] o ° [} °
2 ar°N 41°N g a1°N
2 38N 3s°N 2 38°N
T 350 o T 350
32°N > . =_132°N 32°N > .
K ; T ; H H L
29°N i i i | H zguN 295N H i 1 H H
11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6 9°E 14°E 19°E 24°E 29°E
Longitude Longitude
0.00 143 286  4.29 5.71 7.14 8.57  10.00 0.00 143  2.86  4.29 5.71 7.14 8.57  10.00
(i-a) (i-b)
11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E
47°N ; ‘ - : 47°N 47°N ‘ ‘ 47°N
44°N 44°N 44°N 44°N
Q o 1 s W~ o Q o o
2 ar°N ; j 41°N g a1°N : 41°N
2 38°N ; | i o 38°N 2 38°N 2. - [ Wz 38°N
B 350 : 3 ] T - B 350 5 y ; o
L 35°N s (}v j &ﬁza i :;! ...|35°N L 35°N o S BN = 35°N
32°N|- y L= 1 30°N 32°N|-/ -132°N
29°N : f 3 29°N 29°N i f i 3 29°N
11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E
Longitude Longitude
0.00 050 1.00 1.50 200 250  3.00 350 0.00 050 1.00 1.50 200 250  3.00 350
(ii-a) (ii-b)

1676  Figure 2: Geographical distributions of the occurrence frequency (episodes/year) of: (i) strong and (ii) extreme desert dust
1677 episodesaveragedor the periods: (aMar. 20007 Feh 2013 (MODIS-Terra)and (b) 2003 2012 (MODIS-Agua), over

1678 the broader area of the Mediterranean basin.
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Figure 3. Geographical distributions of the imsity (in terms ofAODssgn) Of: (i) strong and (ii) extreme desert dust

episodesaveragedor the periods: (a) 20002013 and (b) 2008 2012, over the broader area of the Mediterranean basin.
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1709 Figure 4: Locationsof the AERONET and PMst ati ons which have been used for
1710 outputs. More specifically, with orange squares are denoted the AERONET stations located into the study region, with the
1711  yellow triangles the AERONET statiomdth coincident satellite and ground retrievals undiest episodesonditions, with

1712 the cyan circles the AERONET stations which have been used for the evaluation of the defined algorithm thresholds and
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1723  Figure 5: (i) ScatterplotbetweenMODIS-Terra and AERONET aerosol optical depths at 880underintensedesert dust
1724  episodes conditionselated tothe: (@) number ofevel 2 counts whichra used for the calculation of thevel 3 retrievals
1725 and (b) spatial standard deviation inside the 1° x 1° grid deN®l(3 retrievals). (ii) Sensitivity analysis for the calculated
1726  correlation coefficients between satellite and groA@Ds dependingn the: (a) number devel 2 retrievals and (b) sub

1727  grid standard deviation dével 3retrievals
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1739 Figure 6: AERONET size distributions averaged falt available retrieval¢orange curve) as well as for the total (green
1740 curve), strong (can curve) and extreme (red curve) desert dust episamesirred over the broader area of the
1741  Mediterranean basjnuring the periodar. 20007 Feh 2013 The error bars represent the calculated standard deviation.
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1758 Figure 7: Scatterplots of MODIS erra and AERONET aerosol optical dep#t 550nm whenintensedust episodes have
1759 been identified based on: (a) AERONET retrievals and (b) satellite algonigspectively In the left columngcolormaps

1760 indicate the corresponding values of: (i) Angstrém exponent, (ii) Effective radius and (iii) Day cloud fraction derived by
1761 MODIS-Terra retrievals. In the right column, colormaps indicate the corresponding values of: (i) AERONET Angstrém
1762 exponent(ii) AERONET Effective radius and (iii) MODIS day cloud fraction retrievdder each scatterplot, are provided
1763 the correlation coefficientR), slope {), intercept b), p-value, number of DD episodes, bias and root mean square error
1764 (RMSB.

1765

1766

62



A1°W 6°W 1°W  4°E  9°E  14°E 19°E 24°E 29°E 34°E 39°E Adl°wW 6°W  1°W  4°E 9°E  14°E 19°E 24°E 29°E 34°E 39°E

47°N . - 47°N 53 a7°N - - a7°N 08
e 7 = z P - I
a (Yot Ts G D, e[ s - Yo TR e Mos §
S g N iy 3 . P 7 g
L arnf o o 2 éj \K‘- S o~ 41°N 38 5 8 ar°N|- s 5 N A a1°nN 03 )
2 38°N ] sl e, o — Y0 x5 2 38N = ] 2 seen| |07 3
£ ,w,‘a_ J ; S 24 8 E =4 ,QJI/_J.WTY ‘1 . 02 g
& 35°N % : k D e | 35°N 172 B 35N b -] 35°N 00 &
32°N %\“ saon g 32°N / S 32°N B
//r - {.\/ 10 8 // = -0.1 E
H 2 3
o = . 20°N = 29°N 0.3
PHW &W W #°FE 9F 1a°F 19°F 24°F 29°F 34°F 30°F a0 11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°E 34°E 39°F
Longitude (l) Longitude (")
11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°E 34°E 39°F
47°N 47°N 97.0 47°N 47°N 86.8
! Bty T e T - AT ! [P
. % — e . 928 . R % i?\w;{:« L Ese . 806 2
| et S = R | S ] T SR ol e 3
N . £ i | H Ty o e i i =
g A1°N [ b o e B 4a1°N 887 g g AL [ uﬂ\ 1 : i - i 41°N 745 8
s ... 150 el 0 & " 2 E i I i 845 & - 350 el @7 & b ff‘ ? s - . 8.4 3
£ 3N g s A = genamen ol B P g M LR e 7 oy s A R
= L £ t T pae : B = s )/—"_‘""“( . SR 5 .
& a5 o i ) 0m35nu 1o % & 3sen O & 350N o g._
32°N } / ?‘“ ?«i, {P{‘;nw 72.0 E 32°N ;/ / C;““ h Xf/n“u 50.1 :_.
T . F
29°N " T 29°N 67.9 20°N Y 29°N 4.0 =
11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E 9°E 14°E 19°E 24°E 29°E 34°E 39°E
Longitude (|||) Longitude (|V)
11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°E 34°E 39°E 11°W 6°W 1°W 4°E  9°E  14°E 19°E 24°E 29°E 34°E 39°E
a7°N a7°N 2 a7°N a7°N 2
Fris X Ll 50 @ BRI =2 .U 50 @
44°N ‘E:k g\({“& ﬁ 44°N 48 7.0 ] S Ni ‘E{’k ?i;?\"{i,i ?ﬁ? 44°N 53
L g \J‘;'R.: T B ] S R S g S \:‘:\( ] N ]
8 arN | e S 41°N 40 8 g arn | et e e o 41°N 40 37
2 3N|- = ¢ PEAREN - TR S PP 35 2 2 3N Lo W & RS g | [ B
£ g ey S p £ g g 3
T asen e A 87 gr ¥l lasen [ 30 § ® 35N e 87 gr ¥ llaen [ 30 §
3 ] 3 E
o0 s v T S P B v o S B
- ) — 5
a 20 i 3 20 &
29°N 29°N g 29°N 29°N E,
11°W 6°W 1°W 4°FE  9°E 14°E 19°E 24°E 29°FE 34°E 39°F = 11°W 6°W 1°W 4°E  9°E 14°E 19°E 24°E 29°FE 34°E 39°F L
Longitude Longitude .
(v) (Vi)

1767  Figure 8: (i) Number ofconcurrenintenseDD episodes where total Bytoncentrations and MOD{EerraAOD retrievals
1768 are avdlable, (ii) Computed correlation coefficient values between total,Pddncentrations and MODISerra AOD
1769 retrievals in stations where at least 10 DD episodes have been recorded, (iii) PerceintagseidD episodesvheredust
1770 particles have been iddied by the ground stations, (iv) Dust contribution percentages t¥o}he total PMy
1771 concentrations, (v) Calculated mean and (vi) median dust concentratipmns®], based on ground measuremefoisthe

1772 identifiedintenseDD episodes by the satellite algorithm
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(ii)
1784  Figure 9: Three dimensional structure of the: (i) overall number of dust and polluted dust observations and (ii) total
1785  backscaer coefficient at 532m (in km™ sr'), over the broader Mediterranean basimier DD episodes conditignisased
1786 on CALIOP-CALIPSOvertical resolvedetrievals for the periodun.20067 Feb.2013.
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Figure 10: Three dimensional representation of the: (a) overall number of dust and polluted dust observations and (b) total aek§icatarat 532nm (in km™ sr'), over the

(iv

a)

(iv

87

broader Mediterranean basimder DD episodes conditiorfsy: (i) winter, (ii) spring, (iii) summer and (iv) autumn based on CALORLIPSOvertical resolvedetrievals, over the

periodJun 20061 Feh 2013.
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(ii)

Figure 11: Cross sections of the total backscatter coefiica 532 ni(in km* sr?) vertical profiles along th€ALIOP-
CALIPSOtrackduring: (i) nighttime and (i) daytimegn 26" May 2008,0ver the station Censkt4t: 39.064,Lon: 8.457).

The black thick solid line represents the surface elevation.
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(i)
Figure 12: Cross sections of the total backscatter coefficient at 532imkm* sr’) vertical profiles along the CALIOP
9

CALIPSO track duringdaytimeover the stations: (i) Els Torm&4t: 41.395,Lon: 0.721) on 186 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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