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ABSTRACT

The aim of this Doctoral Thesis is the study of the tropospheric aerosols by means ground based
remote sensing and space-borne techniques, through statistical analysis of the retrieved aerosol optical
properties. At the same time, advanced mathematical algorithms are applied to retrieve the aerosol
microphysical properties while predictive models are used to obtain additional information, such as
the source regions of the transported aerosols and their radiative forcing effect.

In the opening chapter, Chapter 1, a theoretical background on atmospheric aerosols, their role
in atmospheric physics and the different types of aerosols are presented, giving an overall view of the
studied field. There is a variety of aerosol sources and particle sizes and therefore, aerosols can be
found at different heights in the atmosphere. All atmospheric aerosols scatter incoming solar radiation,
while a few ones can also absorb it. In the atmosphere, there is a mixture of both scattering and
absorbing aerosols, and their net effect on Earth's energy budget depends on surface and cloud
characteristics. All these aspects are shortly presented in this Chapter.

In Chapter 2, except the vertical atmospheric structure, the fundamental aspects of atmospheric
physic and optics are mentioned, focusing on the mechanisms of the atmospheric substances (aerosols
and molecules) and their interactions with light. Absorption, transition, scattering, extinction,
depolarization and fluorescence of light are the basic phenomena discussed here as a brief outline of
the fundamental laws governing the transmission of light in the atmosphere centred around the Beer-
Lambert law.

The aerosol remote sensing techniques are included in Chapter 3, along with the available
instrumentation used to obtain our results. Firstly, the lidar technique is schematically analysed and a
full description of the lidar equation is presented. The relevant detection modes of the lidar signals and
the different types of lidar instruments are presented as well as the instrumentation that is available at
the Laser remote sensing unit of NTUA. Additionally, the lidar pre-processing methods along with
aerosol data products are mentioned. Finally, a brief description of the Aerosol Robotic Network
(AERONET) of sun photometer measurements is presented.

Tools and modelling that exploit lidar satellite measurements which were used to enhance our
findings are introduced and shortly presented in Chapter 4. The EARLINET Single Calculus Chain
(SCC) is the tool used for retrieving the aerosol optical properties and the Spheroidal Inversion
eXperiments (SphinX) software tool, developed at the University of Potsdam, provided the
microphysical retrievals from lidar data inputs. Useful information about the HYSPLIT model which
simulates the backward trajectory analysis, the Dust Regional Atmospheric Model (BSC-DREAMS8b
v2.0), the Library for radiative transfer (Libradtran) tool and satellite data is also provided.

Our results and a comprehensive analysis are presented in Chapter 5. Firstly, we present a
comprehensive analysis of the seasonal variability of the vertical profiles of the optical and geometrical
properties of Saharan dust aerosols, observed in the height region between 1000 and 6000 m, over
Athens, Greece, from February 2000 to September 2017. These nighttime observations were
performed by the EOLE Raman lidar system under cloud-free conditions. Moreover, 4 years of lidar
measurements of Saharan dust intrusions over the Mediterranean basin (2014-2017), obtained from 4
selected EARLINET stations (Granada, Potenza, Athens, Limassol) are studied in terms of aerosol
optical, geometrical, mixing state and microphysical properties. Specific case studies are further
analysed. Finally, simulations of the regional radiative forcing of dust events over Mediterranean are
presented.

The concluding remarks are given in Chapter 6, which is the final chapter of this Thesis.
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IHEPIAHYH

H mopovoca Adoaktopikry Awtpin] €xel ®G OVTIKEIUEVO TN HEAETN TOV TPOTOCPOIPIKDOV
OEPOAVUATOV LE TN XPNOT ENIYELOV KOL dOPVPOPIKAOV TEYVIKADV, Y10 TNV OVAKTNGCT TV ONTIKOV
WIOTYTOV TOV  OIOPOVUEVOV COUATIOIOV Kol TNV oTaTloTik avdivon tove. [lapdAinia,
epappolovior pobnpatikoi aAyopiOpot yio TNy avaKTon TV IKPOPLGIKAOV TOVS 1010THTMV, KOOMG
Kol yiveTow YpNom TPOYVOOTIKMV HOVIEAMV Y10 OVAKTINGY EMWMAEOV TANPOPOPLOV, OTMS O
TPOGIOPIGHOG TNG TNYNG TPOEAELGNC TV OLOPOVUEVOV COUOTIOIOV, OAAL Kot 1) ETIOPOCT TOVS GTO
OTHLOGPALPIKO EVEPYELOKO 100LDY10.

Y10 mpmto kePdraio (Kepdrato 1) mepirapfavetot to Oempntikd vdfadpo TV aTHOcPAIPIKOY
AEPOAVUATOV, O POLOG TOVS GTNV ATHOGEUPIKT DVGIKY], KAODS Kot ot didpopot THToL agporvpdtmy,
divovtag TN GLVOAIKY| €1KOVA TOL TTediov peAénc. 1o KepdAaio 2 avapépovtal ot OepeMmoglg mtuyég
™m¢ atpocPaipikng Puowmng kot e OnTIKNG, HE EULPACN GTOVG UNYAVIGUOVG OAANAETIOPAOTG TOV
QeOTOC HE TO OTHOGQAPKA oToryeior (agpoAvpato kot popua). Ot te(VIKEG TNAEMIGKOTNONG
AEPOAVUATOV TTOV £YOLV ypnoiponombel evpémg oe avt T datpPn mapovsialoviar oto Kepdiaio
3, padi pe Aowmd dtwbéoia Opyova Tov yxpnopomotnonKay yio ™ Anyn dedopévav Tomv Tpog e&aymyn
anotelecATOV. XuyKkekpuéva topovotdleton 1 texvikn light detection and ranging (lidar), kafdg kot
10, S1dpopa otddio eneEepyooiog Twv onuatmv lidar. To aTHOGEAIPIKA TPOYVOOTIKA LOVTELN AL
Kol epyoieia mov aglomolovV O0PLPOPIKES LETPNGELS Kot XPNCLOTOMONKAV Yo TNV EVIGYLON TOV
amoteAecpdToOV pog mapovotdlovior v cvvropia oto Kepdhowo 4. H mepiektikn avaivon tov
anoterecpdToVv mopovoidletal oto Kepdiato 5, evd ta cvpnepdopata mapatifevror oto Kepdiaio
6, Tov amotelel To TEAEVTAIO KEPAAOLO OVTNG TNG ATpPnc.

Yy mapovoa mepiAnyn mephapuBavovtal ta Kuptotepa omoTeEAEoUATA: 1) TG CUGTNUOTIKNG
uerétng tov 18 cvvolikd etdv petpnoswv (2000-2017) and ™ Pdon dedopévav tov Epyactmpiov
TnAeniokomnong laser tov EMII, yia to otabud g Adnvag, i) e teTpaetodc HEAETNG LETPHOEDV
lidar otmv meployf g Mecoyeiov (4 emheypévol otabupoi tov diktvov EARLINET: T'pavada,
[Motévia, AOMva, Aguecds), avaeopiKd HE TIG ONMTIKES, YEMUETPIKEG, MIKPOPULOIKES 1O10TNTEG
COUOTOIOV EPNUKNG TPOEAELONG O TNV TEPLOYN TNS ZoYAPOS, KAODS Kot TG TOavY| avAUEER TOVG
LE COUOTIONN ad SLAUPOPETIKEG TNYEC TPOELELGNG Kal TEXOG, 1ii) TOV TPOGOUOIDGEMY ATUOCPUPIKOD
LOVTEAOD Yol T HEAETN TNG EMIOPAOTG TOV OLOPOVUEVOV COUATIIOV GTO OTUOGPAULPIKO EVEPYELNKO
wolbyo, oty mepoy] ™ Meocoyeiov. T'e 1o oxomd ¢ peréng mpooueitewv evidg TV
TOPATPOVUEVOV CTPOUATOCEDY EPTLUKNG TPOELELONG, 0 OPOG «MIXING» EIGAYETAL, AVOPEPOUEVOG
07O XPOVIKO O1doTNO KOTO TO 0moio ot aépieg paleg Ta&ldevovy, petd v €000 amd TV AQPIKOVIKN
NTEWPO MGTOL VO, POAGOVV GTOV EKAGTOTE GTUOLO TOPATHPNOTG.

H épnpog Zayapa eivar pio and T1g oNUOVTIKOTEPES TNYEG MMOPOVUEVOV COUATIIIWV GKOVIG
naykoopimg. H evaéplo pHetapopd Tmv copatidiov autdv Tpog oTig LEGOYEINKES Ydpeg kabopiletan
amod TIC EKAGTOTE EMKPUTOVGEG LETEMPOLOYIKEG cLVONKeS ot Agkdvr g Mecoyeiov (Mona et al.,
2012). ' mapddetypa, otny meployn s Avtikng Mecoyeiov, To ETE1GO010 LETAPOPAG OUPPIKAVIKNIG
okoévng elvon ocvyvotepa to kadokaipt (Salvador et al., 2014), evd otnv meployn ™S KEVIPIKNG
Mecoyeiov, n dvoién kot to Kohokaipt, suvnbwg, oxetiCoviat pe HeydAo PopTio COUATIOKNG OKOVNG
mov ekteiveton og vym 3-4 yAu (Barnaba and Gobbi, 2004). Xtnv AvatoAiky Mecsdyetlo, 1 KOpla
petaopd Appikavikng okovng Aapupdavel yopa ard v dvoién émog 1o edvoénwpo (Papayannis et al.,
2009; Nisantzi et al., 2015; Soupiona et al., 2018) cav amotéleoua TG VYNANG KLKAOVIKNG
dpaotnpotnTog otn Popei Agpikn kotd ™ ddpkela avtodv tov enoydv (Flaounas et al., 2015).
Aappavovtog emiong vrdyy 0t Aekdvn g Meooyeiov ivan po tepoyr| pe a&loonpeim nAokm
JpaCTNPLOTNTO KOl EMOUEVMS, CNUOVTIKY €EATHION, OAAG Kol YopnAd TOoGooTd PpoyOmtmong, M
OEPOUETOPOPH COUATIOIWV OKOVIG TTOV GLVOOELETAL OO JLOOIKAGIEG YNPOVONG Kol OVOUEIENG
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KaB16TOOV LTV TNV TEPLOYT ONUEID EVOLAPEPOVTOG Y10 TIC TAPOVGES KOl LEAAOVTIKEG EMUTTMOGELS TNG
Khpatikng aAroyng (Michaelides et al., 2018).

[Tapoéro mov €yovv yivel TOALEC HEUOVOUEVEG UEAETEC OYETIKA UE TIG OMTIKES O1OTNTEC TNG
Zayapravig okovng Pacilopeveg oty teyvikn lidar (Landulfo et al., 2003; Ansmann et al., 2009;
Papayannis et al., 2009; Tesche et al., 2011; Mona et al. ., 2012; Gro8 et al., 2013; Navas-Guzman et
al., 2013; Rittmeister et al., 2017; Soupiona et al., 2018), o1 CLETNUOTIKEG Kot HOKPOTPODEGLES
OTOTIOTIKEG MEAETEG Elvo Alyeg, O oAryap1Oes elvar Kot o1 StoBEaeg LETPNOELS LE OEGOUEVAL LUE
™ ¥PNOM NG TEXVIKNG amOomOAmoNg, oe &ykpiteg Pdaoelg dedopévaov. o mapdderypo, ot Saidou
Chaibou et al. (2020) tpdéopoto HeEAETNCOV TN ONUAGIO TOV ETTTOCEWV TNG OKOVNG OTIG KAUOTIKES
HeAéTeg TPOKEEVOL va BeATimBel 1 akpifela Tov KMpotikodv TpofAéyemv. Otmg avapépovy, akoun
Kol €0V 1 EKTiUNoM NG emidpaocng okdévng 6to KAMpa amottel cuveyeic mapatnpnoels, 1060 amd
dopvPOPoLg 660 KoL omd emiyela diKTLO OPYAVOV, M XPNON KMUATIKOV HOVTEA®V &lval, emiong,
Cotikng onuociog yio ™ Beitioon tng KatovOnons e KoTavouns TovV GOUATOImV 6KOVNG, TOV
WO0TNTOV TOVE KoL TOV EXTTOCEDY TOVG 6TO 160LVY10 OKTIVOBOAMMYV. € U0 TPOTYOOUEVT LEAETT), OL
Pérez et al. (2006) mpoOtewvav OTL éva TEPLPEPEIOKO HOVIEAO OTUOCQOIPIKIG OKOVNG, e
EVOOUATOUEVEG TANPOPOPIEG EMIOpaOTG TNG OKOVNG 6TV aKTIVOPBOAla, Elval pio TOAAG VITOGYOUEVN
TPOCEYYION YO TEPAUTEP® PBEATIOCEL GTNV aplOUNTIKY TPOYVMOOT KOPOV KOl TNV EKTIUNON TOV
OKTIVOPOAIKOV EMMTOGEMV GE TEPLOYES MOV EMNPEAlovTal amd COUATIOW GKOVNG, OmMG eivar N
nepoyn ™S Mecoyeiov. Q¢ ek TOUTOVL, TAPOAO TOV 1| GLUVEPYELD TMV EMIYEW®V Kol SOPLPOPIKAOV
HETPNoE®V &lvarl TOAD eAmdo@dpa yioo TNV €1 PABog UEAET] TOV 1WOOTATOV TOV OLOPOVUEVOV
cOUOTIOV 68 ToyKOGUIO KAILOKO, 1) YPNON TPOYVOCTIKAOV TEPUPEPELOKDV LOVTEA®V UTOpEl, Emiong,
vo. cUUPGAEL ONUOVTIKG GE TETOLEC EKTIUNGOELS, €0IKO GE TMEPLOYEG OMOL Ol UETPNOGELS OgV €iva
SraBéopes.

To European Aerosol Research Lidar Network (EARLINET, https://www.earlinet.org/,
Pappalardo et al., 2014) mov 13pOOnke t0 2000, TOpEYeEL o LEYAAT GLALOYY amd £yKvpo emiyeld
dedopéva ovotnuatoy lidar, oyetikd pe peAéTn TOV OMTIKOV O10TNTOV TOV 0EPOAVUATOV GTNV
Evponn. Eni tov mapdvrog, to diktvo mephapfaverl 31 evepyoig otabpotg lidar katavepunuévoug ce
oAOKANpN Vv Evpdnn, mopéyoviag mAnpo@opieg Yoo KOTaKOPLEES KOATOVOUEG OEPOAVUATOV GE
NTEPOTIKN KAMpaka. v mapovoa Awatpipr], dedopéva (level 2) tecodpwv otabumv and tn Pdaon
dedopévov EARLINET (https://data.earlinet.org/), éxovv a&lomomBei: g I'pavadog (Iomavia), thg
[Totévtla (Itaiia) g AOMvag (EALGSa) kot tng Agpesod (Kdmpog). Ot katakdpupeg KOTOVOUES TV
oLVTEAEGTMV OTIG00GKESUONG (Paer), €£000EVNONG (Olaer) AOYOL OOTOA®ONG (Oaer) CLAAEYOM KAV Kot
a&lomomOnkav, g cuvaptTon Tov VYoLg mave omd ™ uéon otdbun g Odlacoog (a.s.l.) ko
avoAvOnKay TEPUTEP®, TPOG €EAYWYN CULUTEPACUATOV Y10 TIG OMTIKEG KOl UIKPOPUGIKEG TOVG
1010 TES KABMG KO Yia To pOAO TOVG 6TO 160L0Y10 OKTIVOPOAM®MY 6TV mEPLoyn T Mecsoyeiov.

To cvotua ToAomAdv unKkov Kopatog kot arondAwong Raman EOLE (aErosol kot Ozone
Lidar systEm) tov E6vikov Metcdfiov Toivteyveiov (EMII, 37.97 © B, 23.79 °© A, 212 m asl.)
Bpioketar oto Epyaotipio Tniemokonnong laser (Laser Remote Sensing Unit) tov EMII. H ninyn
ekmopunng etvon éva maApko laser otepeds katdotaonc, Nd:YAG, pe modpovg vyning evépyetag laser
ota 355, 532 kou 1064 nm ko pvOpd emavainyng 10 Hz. H yopwn kou ypovikn avdAivon eivar 7.5 m
kot 100 s, avrtictoyo. To suatnua Anyng, mov Paciletar og £va tnAeckdomio Tomov Cassegranian 300
mm Kot Oipwikd Kdtomtpa, eivor oe B€om va aviyvevoel Kot va SlOKPiveL TO EAOCTIKG
omcBookedaldpueva onuata ota 355, 532 kot 1064 nm, kobmng kot o omcBookedaldpeva KoTd
Raman oto 387, 607 ka1 407 nm avtiotoygo. (Papayannis et al., 2020). 'Eva emmAéov kavait
amondAmong oto 355 nm cuUPIAAEL 6TO Vo, ANEOOLY Ol KOTAKOPLPEG KOTAVOUEG TNG YPOLUIKNAG
ATOTOAMONG COUATIOIMV KaTakOpvea oty oatuoceoipa. o 1 Pabuovounocn tov cueTHUOTOg
amomoAmong epappoletor 1 pébodog Pabupovounong + 45° (Freudenthaler et al., 2009).
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)Apyikd, Topovclalovpe [ OAOKANPOUEVT] QVOAVON TNG EMOYIKNG METAPANTOTNTOC TOV
KOTAKOPLO®MV KOTAVOUMV TOV OTTIKOV Kol YEOUETPIKOV O10THTOV TOV OEPOAVUATMOV ZoYOPLOVIG
okoOVNG, oL mapaTNPRONKav oty meploy Vyovg petacd 1000 ko 6000 m (a.s.l.), wdveo omd to
otabud g ABnvag, yo ) ypovikn mepiodo DePpovdpilog tov 2000 — AeképPprog 2017. Ot voyteptvég
OVTEG LETPNOELS TTpaypatortomnkay and 1o cvotnua EOLE, vd avépeleg cuvOnkec. H ototiotikn
avdAvon avapépetal o€ unviaieg Héceg TIHEG kol PacileTol OTIC KATAKOPVPES KOTAVOUEG TWV OTTIKAOV
1010TYTOV TOV AePOAVUATOV (Baer, Oaer, LR, AE) ota 355 nm (59 nepurtooelg petopopds okdvng pe
nePIoc0TEPEG Ao 80 Mpec LETPNGEWV).

>mv Ewova 1o mapovoidletal 1) pnvioio Katavoun Tov oplfpod TV TEPTOGE®MY OKOVNG OTMC
napotnpOnkay and o cvotue EOLE tov EMIT (uévo vid avépeleg cuvOnieg) Kot TpoPAépdnkay
and v BSC-DREAMSD, yia v mepiodo 2000-2017. O péyriotog aptpnoc eLepavions twv ENEIG0dimv
okovN G TapovotaleTol to unve Mdio, 1060 6Tig TpoPAéyels Tov poviélov (~30 tepmtmoelg), 660 Kot
otig petpnoeg and 10 cvomua EOLE (~16 mepumtdoeic), evd n TAEOVOTNTO TOV TEPUTTOCEDV
EMEIC001V HETAPOPAG APPIKOVIKNG oKOVNG Tapatnpeitol pnetald apyés g dvoiéng (Mdaptiog) Kot
pnésa edwvommpov (OktdPprog). Xvykekpyéva, 1o 81% TtV mpocopoidcewv kot 10 95% twv
LETPNOEWMV EUTITTOVY GE QLTI TN XPOVIKN TTePi0do. Eva tikpd m060010 ene1c0dimv eppaviletol katd
TOVG YEWEPIVOVG UNVES, OEGOUEVOL OTL KOTA TNV TEPT000 OV TN EMIKPATEL BOPELOAVATOAIKT| POT) AVELDOV
otov EAMadikd ydpo kot katd cuvémela ko otnv ABnva (Kassomenos et al., 1995; Papayannis et al.,
2009; Banks et al., 2016). Qo1t600, T0 YeYOVOG OTL 0 AP1OUdG TV HETPNIGEDY TOV cvothuatog EOLE
givol TavTo PiKpOTEPOG 0o TIS avtiotoryeg mpoPréyelg tov poviéhov BSC-DREAMSD, pmopel va
arodobel otnv advvapio g teyvikng lidar va mpaypoatonotel LETPNOELS G ATUOGPAPIKES CLVOTKEG
VEQOKAALYNG.

Emumiéov, katd ™ pHeAETN Hog PPIKaLLE o 0pKETA IGYXVPN GLGYETION (CVUVTEAEGTIG GLGYETIONG:
R?=0.81) petafd tov TpoPréYemv Kol TOV UETPROEOV TOV HECOV UNVIOAOV TEPIMTOCEMY,
eovepm®vovTag £Tot T ypappkn toug oxéon (Ewova 1B). Iepimov ot poés tov mepmtdoelg twv
mpoPréyemv mapatnpovviol TeEMKd amd to cvatnua lidar yuo ) ypovikn mepiodo 2000-2017. Avtd
ouvendyeton OTL 6N XEWPOTEPT TEPITTWGT), TOLAAYIGTOV TO 50% TV TPOPAENOUEVOV OO TO LOVTELO
eneloodinv okoévng o mapatnpndel tedikd and 1o cvotnua EOLE, vid avépeheg ocuvOnkeg otnv
erevBepm TpomdSEUpa TG ABNvac.

Athens, Greece, dust cases [2000-2017] (B) 30 T T T T T
(o) 30 @ dala points e :
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. Predicted (DREAM model) 1~ - -9o%confidence band . 1
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Ewova 1: o) Mnvioia katovour Kot B) YpoupKn cueyETIoN ToL HEGOL aplipol eneicodiny 6kovNng Tov Toapatnpionkoy
(EOLE) ko mpoprépdnkov (BSC-DREAMSD) yio v ypovikn mepiodo 2000-2017.

H emoylokn Swkdpovon (amd v Gvoiln €mg To YEWWDVE) TOV KATAKOPLO®V KOTOVOUMY
(LaOpeG YPOUUES) TOV CLVIGTOOMV P3ss, 03ss Kot LR3ss, kaBmdg kot o1 péoeg tyég toug (KOKKIveg
ypoupés) poli pe v avtiotoyn tomiky omdkAion (SD) (noP opilovrieg ypappés o@aAuatog)
napovotldlovtar otnv Ewova 2(a, B, v). Ot tiuég twv LR3ss (Ewdva 2y) £xovv vroloyioOei yia ebpog
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vyoug petald 2000 ko 4000 m, 6mov cuvnOw¢ eviomilovTal To AEPOUETAPEPOUEVOH GCTPOUOTA CKOVNG
Aoppcovikng mpoéhevong (Papayannis et al., 2009). Zvvolikd, ot KATAKOPLPES OVTEG KOUTAVOUES
eUQOVILOvV pia apKETA PEeYAAN LETAPANTOTNTA, AOY® TNG OL0POPETIKNG EVINONG KO TMV SLOUPOPETIKMV
TPOYLDOV TOV 0EPIOV HaldV TOL PTAVOLY 6T0 6TOOUO Tapatipnong (ANva), OTmg £XEL TPOTNYOLUEVOG
ov{nBei kou and tovg Papayannis et al. (2009).

ZVUTEPACUATIKA, Ol EMOYLOKEG HEGES TIES LR3ss eviog tov otpopatdcemy okovng (dvoién:
58 £+ 9 sr, kohokaipt: 54 = 9 sr, POOT®PO: 38 £ 6 SI, yeludvag: 45 + 6 SI) ToKiIAAOLY aO EMOYN CE
emoyN, AAUPAVOVTOG LUKPATEPES TILES KOTA TOVG YUYPOTEPOVG UNVES, KUPIOG AOY® TOL HEYAAVTEPOL
TOCOGTOV OVAUEIENS e dAAoVS TOTOVG copatidiov. H péon tyun LR3ss Yo oAdKANpN TV mepiodo
uedéc (2000-2017), aveEaptitmg emoyikotnTog, vtoloyiletar ion pe 52 + 13 sr, pe eddyioto ota 22
Sr ko péyloto ota 77 Sr.

((1) Spring (26 cases) Summer (23 cases) Autumn (8 cases) Winter (2 cases)
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(B) Backscatter Coef. at 355 nm [ Mm™ sr’ ']
7000 7000 7000 7000
6000 § 6000 16000 16000
5000 5000 15000 15000
@
< 4000 4000 14000 14000 -
£
% 3000 43000 3000 13000
o
T
2000 42000 2000 12000 -
1000 411000 1000 11000 -
0 1] 1] ]
] 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
( ) Extinction Coef. at 355 nm [ Mm '1]
y 7000 7000 7000 7000
6000 1 6000 41 6000 4 6000
— 5000 | 41 5000 | 41 5000 - 4 5000
]
L
.§, 4000 -1 4000 41 4000 - 4 4000 [
=
[=2]
@
T 3000 4 3000 4 3000 4 3000 -
2000 1 2000 | 12000 r 41 2000

1000
0

1000

100

o 20 40 60 80

1000
100 [

20 40 60 80

1

1000
00 0

20 40 60 80 100

Lidar ratio at 355 nm [sr]

Ewéva 2: Enoylox SokOpaven ToV KATaKOPLO®OY KOTOVOU®MY TV OTTIKOV 010THTOV: o) Pass, B) oass kat y) LRass,
agpoAvpdtov okovng, pall pe Tig péoeg THEG Tovg (KOKKWVEG YPOppEG) Kot TV aviiotoyn Tumiky andkion (uofp
op1LovTIEG YpOapUES opaAp0TOC) Y10 Ta 59 TeputTdoelg petapopds copatidiov Appikavikig okovng (2000-2017).
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H emoyloxn petafintommra g ontikng moapapétpov AODsss, 6mwg mapovoialetor oty
Ewova 3a, pe boxplots, eivor onuavtiky, onueidvovtog eEAGyIoTes HEGEG TIHES (TETPAY®VO GOUPBOAO
evtoc tov boxplot) katd ™ didpkela tov POwoT®POL Ko PEYIOTEG TNV GvOIEN Kot TO Kodokaipt.
Emumdéov, o1 diapecot (opilovrieg ypappég evedc tov boxplot) katd v dvoién kot o kaAokaipt ivar
YOUNAOTEPEG QMO TIG OVTIOTOUYEC WEGES TIUEG, VTOONAMDVOVTOG OTL, €V 1 Katovoun eival
petatomopévn og yauniotepes Tyég AODsss, vapyovv pepucég e&apetikd peydreg tnég AOD, mov
AVTUTPOCSHOTEVOLY OKPAiD ETELGOOIN LETAPOPAS GKOVNG, T OTTOie AAUPAVOLY YDPO TN GLYKEKPIUEV
nepiodo. ATd v GAAN TAEVPA, KATA T1) SIAPKELD TOV POVOTMPOV KOl TOL YEWUMVA, 1) KOTAVOUY TOV
Tuev Tov AOD @aivetar va givor o opoAn, KaBdg ol avTioTol eC LEGES KOl OLAUETES TIUES efvar
oyedov tavtoonues. H péon tywn AODsss yio oAdkAnpm v mepiodo perétng (2000-2017),
aveEaptNTMG ETOYIKOTNTOG, LToAoYiletal ion pe 0.25 £ 0.16.

AvrticTtowya, 1 emoylokn petafAntotro e mapapnéTpov LRsss, ekppacuévn oe péoeg Tipég (ko
Tomiky andkAon) eaivetar otnv Ewkdva 3P. Ot péoec Tyég mov onueidvovtal yo v avoiEn Kot to
Kadokaipt (58 £ 9 kot 54 £ 9 sr, avtictorya) eivar TOAD KOVIA GTIG TIWEG TOV PUETPNONKAY KOT TN
dupketa Tov mepdpatog SAMUM (53 £ 5 sr, ota 355 nm), 0nwg avapépetor and tovg GroB et al.,
(2015), mov agopovv £viovo GTPOUOTO GKOVIG XMPIG GNUAVTIKY Tapovoio mpooueifemv. Tnv
nepinTmON pHog, mapatnpeiton po apketd ypryopn (1-2 nuépec) petapopd amd v AQpikavikn Nrepo
omv mepoyn g AONvag, yEYovog mov LTOONAMVEL YoUnAn TlavOTNTa avApElENS cOUOTIOIOV
oKOVNG UE AAAOVG TOTOVG LMPOVUEVMOV COUATIOIOV KOTE TNG SLIPKELN TN UETAPOPA TOVG. Ot puéceg
Tipnég LR3ss to pOvommpo kot to yeipava (38 £ 6 kot 45 £ 6 sr, avtictoya) ivor piKpOTEPES GE
oOyKplon pe Tig mpoavapepBeioeg kot givat kovtd o awtég (40-45 sr) mov mapatnpriOnkov and Tovg
Amiridis et al. (2005), Miiller et al. (2007) ko1 Papayannis et al. (2009), vrodnidvovtog po mhovn
avaén pe aépleg Palec NIEPOTIKNG TPOELELONG Kol «GUVOETESH OLUOPOUES EVAEPLUG UETAPOPEG
LEYOADTEPNG XPOVIKNG OLAPKELOG.
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Ewéva 3: Enoyoxn petafintoémro tov pécov tipdv a) AOD kot B) LR tavtdypova e YpapLik cUGYETION TOV LECOV
TIHOV (KOKKIVN Ypapun), 6mos vroloyiotnke oto 355 nm kotd v nepiodo 2000-2017, yia o vy petag&n 2000 kot 4000
m (a.s.l.).

[Tpoxeévov vroroyisBovv o1 yempetpikég 1010tteg (Baon, kopven, méyog kol kEvipo palog
(zcom)) TV GTPOUOTOCEDOV COUATIOIOV GKOVNG TNV ATUOGQAPA, aKoAovONOnKe 1 dadikacio Tov
npoteivetan amd Tovg Mona et al. (2006). Ztov ITivaka 1 Topovstdlovpe TV KOTOKOPLET KOTAVOUN
(ce M) tov péomv, €AAYIOTOV KOl UEYIOTOV TIUAV TOV TPOOVOPEPOUEVOV TOPUUETPMV TOV
oyetiloviot PE TO VYOUETPO TNG CTPOUATOONG EPNUIKNG OKOVNG, OTMOC OVOKTNONKOY GUESH OO T
owvioTdco. Pass, amd TG petpnoelg tov EOLE, katd v mepiodo DePpovdpiog 2000 - AeképuPprog
2017. Xvykexpuéva, mopatnprionkoy ToAAATAL GTPOUOTO AEPOAVUATOV OKOVNG LETAPANTOV TAYOLG
(609-6199 m). To Zcom aTOV TOV GTPpOUATOV EvTomicOnke o€ vyouetpa petaly 1270 ko 5738 m,
Aappavovtag péon tiun 2508 £ 1109 m. H Bdon tov otpopdtov okdvng kopaivetal ard 926 m £mg
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5094 m, hapPavovtag péon Ty 1793 £ 1098 m. Avtictorya, 1 KOpLEN TOV GTPOUATOV GKOVNG
kopaiveror amd 2005 émg 8014 m, pe péon tyun 3540 £892 m.

Mivaxog 1: Koplo yewpetpikd yopoktmprotikd (Bdon, kopver], miyog Kot kEvipo ualoc) oTpmpatdoemy copoTdiny
oKOVNG U Pdon tn cuvictdco Bass tov onudtov lidar.

"Etn: 2000-2017 Méon tipny EAdyoto Méyeto
Baon zs (M) 1793+1098 5094 926
Kopveij zr (m) 3540+892 8014 2005
éyog th (M) 1747+785 6199 609
Kévtpo pacog zcom (M) 2508+1109 5738 1270

Me Bdéon tig omebotpoyiéc towv aepiov palov mov eBdvovy otnv ABva kot vTodeikvhiouv
mv IyNS mpoéhevong kot t Olavvbeica dadpopr] Tovg, Y Kabe o amo TG 59 vmd peiétn
TEPMTMOELS, TPAYHOTOTOMONKE opadomroinorn kotd cvotdadec. H opadomoinon avtn vioromdnke,
YpNoomolmvTag vav alyopuo mov Paciletrar otovg Dorling et al. (1992). "Etot, mpoékvyay 600
peydio copmAéypoto: Xopmieya A kot Zoumieypo B. Ta 600 avtd coumAéypoto Sta@épovy wg mpog
v mopeia Tov dévuoay ot aépleg HALES KOl TO ¥POVO TOPALOVIG TOVG TAV® OO GUYKEKPLULECVES
TEPLOYES: TNV Appkavikn Nmepo Ko T Meodyero Odhacca. Onmg eaivetal kot otnv Ewova 4, ot
aépleg paleg aépa mov meptlappdvovior 6to cOumAeya A mapapévouy, Kotd pnéso 6po, 12 mpeg
TEPLGGOTEPO (EUMAOLTIONOC LE GOUATIOW OKOVNIG) TTAved amd v Aepikavikny Arepo (75 dpeg)
CLYKPITIKA LE OVTEG TOL OVKOLV 6T0 cvumieyua B (63 dpeg). Emumiéov, ¢Bdvouv oty AbMva
ypnyopodtepa (mBavmdg £xoviog VITOOTEL KPOTEPES AVOUEIEEIS KATA TN HETOPOPA TOVS), LETH amd
GLVOAMKO YpOvo TaEd10V 126 wpdv. Ocov apopd o ypovikd dicTnLe ToL Tapéusvoy ot Mecdyelo
Odracaoa, ot aépreg LALES TOL CLUTAEYLOTOG A TAPAUEVOLV KATA LEGO Opo 51 dpeg emdive amd avtiv
NV TEPLOYN, TOAD AyOTEPO amd TIS OVTIGTOXES TOV GLUTMAEYHOTOC B, ot omoieg vmoloyiletor 0Tt
TOPAUEVOVY Y10 TEPITOV 78 MPES, YeYovog mov Pondd oty emumAéov avauelén tovg pe copotio
SPOPETIKNG TPOEAEVLGNG TOV AQUPAVOLV YDPO GTNV TEPLOYN OLTH).
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Ewéva 4: Awvobeioa andotaon (o€ (IMopeTpa) avd oot 3 opdv (Lavpeg KOVKIOES), Yo Tnv 7-1uepn omicOio mopeia
TOV KEVTPOEWOS KABe Zopumiéypatog: Zoumieypa A (apiotepd) kot ZoumAieypa B (de&id). O ypdvog Topatovig TOVG TAVE®
and t Mecdyeio (MED) xat v Agpicavikr fimelpo (AFRICA), eaivetol pe KOKKIvVe TAQIGL0 KoL GVTIGTOLEL GE MPEG
oTov G&ova X.

i) E&etalovtag ta emeicddlo HETOQOPAG oKOVING 0ToVG 4 emAeyIévoug 6Tabpods Tov StktHov
EARLINET (I'pavada, TTotévia, AOva kar Aepesdc) éva mpog éva, vroloyicape, okolovbms,
Baom, TNV Kopue1| Kot TO A0S KABE OVIYVEVOUEVOL GTPOUATOG KAOMG KoL TIG LEGEG TILES TMV OMTIKAOV
1010t T®V Ops32, LRs32 kot AODs3: evidg Tov Kabe otpdpatog okovng Ommg gaivetonr otnv Ewkova 5
(0-0). Ot avrtioTtolyeg TIEG TUMIKNG amdKAong divouv pia EvOeiEn g LETAPANTOTNTAG OVTOV TV
TOPAUETPOV amd TN Paon £oc TV Kopuen kabe otpoudtoonc. Kdabe vro-oyfua mapovcidlel ta
YEDOUETPIKA 1) OTTIKA YOPAKTNPIOTIKA TV OVIYVEVOUEV®OV GTPOUATOGEMV, £Va TPOGS £V, ovi oTadNo
Ko ava £10G.
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[Ma avtovg tovg 1é60epig otabuovg (amd apiotepd mpog ta deid: I'pavada, ITotévila, ABMva kot
Agnecdc) vmoroyicOniay ta akdAovBao mtayn otpdong 3392 + 1458 m, 2150 = 1082 m, 1872 £ 816 m
kot 1716 = 567 m avtictotyo. Avagépovpe, emiong, Tic péoeg Tinég Tov dps32 0.24 £ 0.05, 0.26 + 0.06,
0.28 £ 0.05 kot 0.28 £ 0.04 (Ewova 5B) ko péoeg tynég tovo AODs32 0.40 +0.31, 0.11 +0.07, 0.12 +
0.10 ko 0.32 £ 0.17 (Ewcova 58), avtictorya. Ocov apopd ™ péon Ty g mapapnétpov LRs32, oot
AopBavel oyeddv v id1a T kot yuo toug 4 otabpove,~51 sr (Ewova Sy) og copemvio pe dAleg
Biproypapikéc perétec mov EeTAlOVV TOPOUOLN. ETEIGODIN LETOPOPAS appikavikng okovig (Tesche
et al., 2009; Ansmann et al., 2012; Gro8 et al., 2011; 2013). A&ilel va onuelwdei €dd 6t1 0 GTAONOG
¢ I'pavadog kotéyxel v eAdyiotn pnéon T yuo ™ Paon tov otpopdtov (1567 £ 788 m) kot
HéEYLoTN Yo TNV Kopuen (4960 + 975 m) kot to whyog (ko Hyog) Twv oTpopatdcewy. H peyaidtepn
ouwg péon tun tov AODs3y, ion pe 0.40 £ 0.31, mopatnpeitol, €miong, ywo TG UETPNOEIS TOV
Kataypaenkay otov 010 otafud, yeyovoc TOL VTOJSEIKVOEL TUKVO OTPMUATH OKOVNING OTIC
TMEPLGGOTEPES TEPIMTMGELS TOV EEETAGONKALY.
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Ewéva 5: Méoeg Tiuég kot Tomikn| amodkion o) Bdong kot kopueng, ) dpss2, ¥) LRs3 kot d) AODssz, avd peietodpevo
otafpo (opilovrieg ypappég kot {dveg) kot avd mepintmon (cOUPor KOt YPUUUEG CPAALATOS) OTPOUATOCEDY OTO
EMEICOO0. LETOPOPAG GKOVNG EPTLUKNG TPOEALEVOTG.

‘Exovtag ®¢ agempia v katnyoplomoinon mov mponyndnke Poaocllopevn oe  éva
aepopetapepopevo cvatnuo High Spectral Resolution Lidar (HSRL) mov mpotdbnke amd tovg Grofl
et al. (2013), avanapactioape ypaeikd Tig TopapéTpovg LRs32 kot dps32 kot evtomicaps Tpelg amod Tig
€EL GuVOMKA VEapyovoeg Katnyopieg ota dedopéva pag (Ewova 6). H npodtn katnyopio (tpdowva
onueia-poufor) avimpocOmEVEL Pid KOTAGTAOT avAENG oKOVNG Zodpag Kot oUATdImV Kadong
Bropalac (BB & Saharan dust) kot yopaktnpiletor and peydin dacmopd pécwv tiumv LRs3 kot
HKPEG Héoeg TIUES Ops32 (40 sr < LRsz2 < 75 sr, 0.15 < dpsz2 < 0.19). H devtepn katnyopia, (KOKKvo.
onpeta-popPol) amodidetar o P Katdotaon avapetng, 6mov kuplapyobv to cmpatiol okdvng,
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OALG TOAVOS VILAPYOLV Kol AEPOADUATO AOTIKNG/MTEPOTIKNG 7 Ko Oaddociag mpoéhevong (Mixed
Saharan dust), (40 sr < LRs32 <65 sr, 0,20 < 0ps32<0.29). TéLog, 1 tpitn KoTnyopio (Toptokari onpeio-
pOUPOl) OmOOIOETOL CE OTPOUATMOCES HE COUATIOW OYEOOV OTOKAEICTIKG Zoyoplovig oKOvng
(Saharan dust), (45 sr < LRs32 <60 sr, 0.30 < dps32< 0.36). H molvmAn0éotepn kot Katd cuvémeia, 1
7O KON, LETAED TOV TPLOV KOTNYOPLDOV VAL VT TOL AVTUTPOCMOTEVETAUL [LE KOKKIVO PO, OTMG
etvar avopevopevo, AOY® NG GLYVNAG OVAUEENG OEPOALUATOV OKOVING HE GAAD MTEPOTIKNG
npoéievong (Papayannis et al, 2009). Ta dpila TV KatnyopidV 06OV apopd, Kupime, TV mTapaUeTpo
ATOTOAMONG Op532, GUUTEPIAAUPOAVOUEVIC TNG TUTIKTG OmdKAIoNG, Oev gival capmg kabopiopuéva Kot
SLOKPLTA OAAGL OAANAETIKOADTITETOL OELYVOVTAG O PEAAIGTIKY HeTdPaon amd T pia Katnyopio otV
AN, yepupwvovtog ta kevd g HSRL katnyoplonoinomng.
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Ewéva 6: Zedyog tipndv LRszz ko Ops32 amd perprioelg HSRL 6mwc mopovsibdodnkav and tovg GroBl et al. (2013),
(XpOUATIOTEG KOVKKIOES) TOPAAANAO e TIG EMAEYHEVEG LETPNOELS TOV TeoOApV otabudv tov diktbov EARLINET

(oOuPora pouPov Kot YPOUIES COAMUATOS).

O IMTivaxag 2 cvvoyilet Tig HEGES TILEG KOL TNV TUTIKT ATOKALGT TOV YEMUETPIKAOV, OTTIKOV KOl
HUIKPOPUGIKOV 1O0TATOV TOV OEPOAVUATOV TOV TPUDV KATNYOPLOV, OTMS TPOEKLYOV Oomd TNV
opadomoinon tov Ewovag 6. ZuvoAikd, 5 and 11g 42 mepurtdoES LETPCEDV TOTOBETOVVTAL GTNV
katnyopio «BB & Saharan dusty, 8 otnv xatnyopio «Saharan dusty ka1 29 oty katnyopio «mixed
Saharan dusty». Mo cuvepylotikn mpocéyyion tov HYSPLIT (omebotpoyiég didpketac 120 wpdv yia
Kabe mepintmon) kol tov Google Earth (vToloylotig YE®UETPIKNG amOGTACNG) HOC EMETPEYE VL
EKTIUNOOVLE TNV amdoTooT Tov didvocay (o km) ot aépieg palec péxpt va pbdacovv o kabe otadud
TapaTHPNONG Kat T dtdpketo avaueEng (Mixing) tov aepiov palov, ava kotnyopio.

Ao TIG VIOAOYILOUEVES TIHEG TMV TPOOVAPEPHEIGMDY ONTIKAOV TOPAUETPMOV OEPOAVUATOV,
TapaTNPOVUE OTL Ol TEPITTOOCELS aepimv paldv Tov aviikovv katnyopia «Saharan dust»y tapovoialovy
™ YopunAotepn mhovn dbpkela avapeing pe aAieg aépleg nales (26 £ 13 dpeg), o€ cHykpilon He TIg
GAleg dvo katnyopiec (41 £ 26 dpeg yio «BB & Saharan dusty kot 31 £ 13 dpeg yia «mixed Saharan
dust»). EmumAéov, ot aépieg paleg g katnyopiag avtig eaivetal va ta&ldgbovv ypnyopdtepa omd
exeivec TV AAL®V 000, KAADTTTOVTOG TOLTOYPOVO TN HEYOADTEPT OTOCTAON KATA LEGO Opo (4845 +
2825 km, evtog 120 opdv). H kdpla dtapopd petaé&d tov 600 vrorewmodpevov katmyopiov (BB &
Saharan dust / Mixed Saharan Dust) amodideton kvping oto ypdvo avaueiEnc. Ot paleg aépa g
tehevtaiog Katnyopiog mapapévouv 15 dpeg meptocdtepo, Katd HEGO OPO, KUKAOPOPDOVTUS TAV® amd
™ Meoodyeo ko v Evponnm, ondte eivor apketd mbovod vo eumlovtilovror e aepOALUATO
SLPOPETIKMOV TTNYDV TPOEAEVCNG,.

Oocov a@popd TIC ONTIKEG WO10TNTEC TOV AEPOAVUATMV, Ol GLVIGTMOGES P532 KO 0532 AapBdvouy
YouMAOTEPEG TIUES Yo TIC Kotnyopieg «BB & Saharan dusty ko «mixed Saharan dusty» (1.10 + 0.15
x10% km™ sr1, 0.47 + 0.28 km™ xon 1.24 + 0.80 x103 km™ sr, 0.74 + 0.48 km™ (avtictorya) Kon
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neyaotepec Tipég (1.54 £ 1.05 X102 km™ srt, 0,80 + 0.27 km™ srt) yua tv kotnyopio «Saharan dusty.
Katd cvvéneia, mapatnpovvtor peyorvtepeg tinég AODs3z, (0.32 £ 0.25) yio v tedevtaio katnyopio
0€ GUYKPLON HE TIG AALEC OVO, AOY® TOL LYNAOTEPOL COUATIONKOD POPTOV. O1 LEYAADTEPES TIUES TMOV
dps32 (0.32 £ 0.02), vodekvHOLV TO [T GEOIPIKO GYNUOL TOV KAOUPOV GTPOUATOV Zay0pLovig GKOVING
(Freudenthaler et al., 2009) tn¢ avtictoyng katnyopiag. Iapdpotec Tég tov LRs32 mapatnpoivvron
KOl OTIG TPELG KATNYOPieg Ko, EMOUEVMG, 0V UmopoV va, e£oyBobV GUUTEPAGHLOTO GYETIKG LE TNV
KOTAGTAOT OVAUEIENG TOV CTPOUATOCEDV OO CQLTNV TNV TAPAUETPO, EKTOG amd OTL TO €0POG TNG
TUTIKNG OOKAMONG AVTAG TN TOPAUETPOV, UELOVETAL KOOMG UEIDVETOL KOl TO TOGOGTO OVAUEENG.
EmnAéov, yuo T1g mePITOGELS TOL LVANPYOV EMTAEOV OOOECIUEG UETPNOELS GTO VIEPIDOES UNKOG
Kopatog (355 nm), mapatnpeitar 6t 1 avoroyio Tov Aoyov lidar ota 600 unkn kKopatog (dniadn to
KAdopo LR3ss/LRs32) ovykhivel otn povada yio v katnyopio «Saharan dusty, vrodsikvoovtog £tot
TNV 0moVoio PACUATIKNG EEAPTNONG Od TNV TEPIMTMOOT CTPOUUTOCEMY IE CMOUATIONN OKOVNG YOPIC
emmpocOetn avaueEn (Miiller et al., 2007; Veselovskii et al., 2020). I'o. avtég TIg TEPIMTOCELS, ETIONG,
N mopapetpog AEgpsss/s3z telvel oto undév Aappdavovtag o péon tyun ion pe 0.35 + 0.45.

210 TAaic10 QVTNG TN epyaciog vToAoyicape, EMIONG, TIG LEGEG TILEG KOL TNV TUTIKY| AITOKALCT|
TOV WMKPOPVOIKAOV IO10THTOV TV 0EPOAVUATOV Y10 KAOE LEAETOVUEVT TEPITTOOT, OTMG EKTIUNONKAY
and ToV aAYOPIOUO AVTIGTPOPNG TOV VIOAOYIOTIKOD TakéTov SphInX yua OAec TiIc TepUmTOOELG
Kabepidg amod Tig tpelg katnyopies. ‘Etot, n katnyopia «BB & Saharan dusty Aaupdaver  pikpdtepn
péon tiun evepyovs aktivag(Refr = 0.293 + 0.074 pm) Adym tov ek @UGE®MS LKPOTEPOL peYEBOVS TV
AEPOALLATOV KooNS Propalag, eved e appdS LEYOADTEPES TILES TAPOVGIALOVTOL Yo TIG AALEG dVO
Katnyopieg agporvpdtov. Ot tipnég tov mpaypatikov (RRI) kot @avracticod pépovg tov deikm
dtaOraong (IR1) kabmdg kat Tov cuvtedeot Aevkavyelag (SSA) ota 532 M ftav TaPOUOLES Kot yiol
T1G dVO KaTNyopieg mov dev mepAdpPavay agporvpata kovong Popdloc, eved 1 Tapovsio VToD TOL
gldovg agpoAvpdtov oty avtioctoyn katnyopioa odonyel oe peyorvtepeg tnéc RRI o IRI won
yopunAotepn Ty SSA. To amoteléopato TV PIKPOPLGIKMV WO0THTOV ivol 68 cupPVio pe avTd
ov avapépovtal ot perétn tov Petzold et al. (2011) oty eledBepn TpomdOPUIPO TAV® GO TO
Nraxdp (Zeveydhn, Appikn), Yoo EpMLUKT 6KOVN, OALL KOL Y10 GKOVI OVOLLEUELYUEVT] LE COUOTIOWL
avOpomoyEVONS TPOEAEVOTC.
Mivokog 2: Méoeg TIHEG OTTIKAY, YEMUETPIKAOV KoL LKPOPUGIKMY O10THTOV TOV TPIOV KoTNyopidv pall pe tnv Tomikn
amorkion (SD). Mndevikr Ty SD deiyvet un-petafAntotnta 6y aviicToyn avakTnpévn Topapetpo. O 6pog avapeiEng
(mixing) avagépetal oTig dpeg mov Ta&ideyay ot aépieg naleg HeTd v €080 TOVG amd TNV APPIKAVIKT] NTELPO.

S Kartnyopieg
apapsTpor BB & Saharan Dust Mixed Saharan Dust ~ Saharan Dust
Bss2 (kmisr) 1.10+0.15 [x107] 1.24+0.80 [x1073] 1.54+1.05 [x109]
asz2 (km) 0.47+0.28 0.74+0.48 0.80+0.27
O LRss2 (sr) 51415 50+7 5245
Wt TES Ops532 0.17£0.01 0.26 £0.03 0.32+£0.02
LR3ss/LRs32 0.69 +£0.24 0.84£0.16 0.98+0.16
AEp3ss/532 0.44 +0.59 0.52 +0.61 0.35+0.45
AOTs32 0.03 £0.02 0.15+0.10 0.32+0.25
) Thickness (km) 0.79+0.21 2.08 £0.76 3.10+1.72
I'eoperpia -
¢ Distance (km) 3496 £ 1185 3662 £ 1617 4845 £ 2825
KOU OVAPEIEN .
Mixing (hours) 41 +£26 66 +41 26+13
Refr (um) 0.293 +0.074 0.360 +0.081 0.387 £0.070
RRI 1.50 £ 0.00 1.47 £0.05 1.47 £0.05
Mucpoguotkéc | | 0.005 = 0.000 0.0046 + 0.0045 0.0041 +0.0018
1010TNTES
SSAs32 0.9482 +0.0019 0.9644+ 0.0181 0.9638+ 0.0219
SSAsss 0.9372 +£0.0070 0.9579 £ 0.022 0.9517 +0.0264
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i) o v avaktnon TPocoUoIOce®mY TG NMAMOKNG akTivoBoliog a&lomomooue T0 LOVTELO
LibRadtran version 2.0.2. (Emde et al., 2016) ce cuvOnkeg pécmv yewypapikdv TAatdv. Epapuocope
éva. oOVOAO TECCAP®Y TPOCOUOIDMCEMV OVA  KOTOyeypappévo enelcdolo. Ot 000 TPAOTEG
TPOCOUOIMGELS OVOPEPOVIOL GE OTHOCQUIPIKES GLVONKES KOBOPOD OVPOVOL HE OEPOADLOTOL
vrofadpov, 1 o yo T pikpod pnkovg (shortwave, SW) kot 1 dedtepn yoo T HEYAAOD UAKOLGE
kouatog (longwave, LW) aktwvoPolria, avtictowyo, Kabdg avtég ot 600 (QOOUATIKEG TEPLOYEG
avtpetonilovior Eeymprotd and to poviého LibRadtran. Ot evamopévovcec dV0 TPOGOUOIDGEL
avTIGTOLY0VV € aTtUOGEALPa TOL givor emmpocHeta emPBapvpévn Le GOUATIONW EPNIIKNG GKOVNG KOt
TPOGUEIEES cOUOTOILV, Kol TAAL, Yo TIG Qacpatikég mepoyés SW kot LW Egywprotd. Edm, ot
KOTOKOPVOES KOTOVOUES TOV CTPOUOTOCE®V Yo KAOe pio amd TG VIO WHEAETN TEPUMTMGELS,
YPNOoLLOTOMONKAY WG TPOSHETN TANPOPOPia £1GOO0V GTO LOVTELO OVTO, GTO 0010 EMTALOV, £YIVE M
Topadoyn OTL Ta OUATIOW Elvar un-cealpikd. Ot KaTaKOPLEES CVTEG KOTAVOLES TOPOLGLACONKAY LE
3 J10POPETIKEG TTPOCEYYIOELG KAl GLUVETMGC, e Tpio dlopopeTikd oyxfuata £l60dov oto LibRadtran: A)
KATOKOPLON KOTOVOUN GLYKEVIP®ONG MALOS 0TS TPOGOUOIMVETAL OO TO TPOYVAOOTIKO HOVTELO
BCS-DREAMSDb, B) xkotakdpuen katavopr] cuykévipmons palog, HOVo Yo Tn GLVICTMOGO TNG
oKoOVNG, Omws voAoyiletan pabnuatikd amd to cvvteheotn Psaz Kot C) KatakdpueN KOTAVOUT TOV
ovvtereotn as32 pali pe Tig avriototyeg péoeg Tinég Tov AODs3; Yo kéBe pia mepintmon. Xto telkd
o01ad0, amd Tig TéG €E660V TOL povTéAOVL, voAoyicape Tig mapapuétpoug AF, ARF, ARFNeT kot
ARFaATMm 01tog avtég mpokdmTouy and avtictoyes podnuotikés eEl6OOELS.

INa 11g 3 avtég mpoceyyicelg, £xovv ypnotponombet 30 kotakdpvea eminedo petald eddpovg
Kot Oyovug 120 km, pe yopikn katakdpven avaivon 500 m Eexvavtag omd 1o eninedo ddpovg (BOA)
€m0¢ 2000 m ko amd 5000 £wg 10000 m. AkorovOwc, peyardtepn avérvon 200 m arnd 2000 £wc 5000
m, AOY® TNG TOPOLGIOG TOV CTPOUATOV GKOVING GE aVTO TO €0pOg HYoLs Kat, emmAéov, ota Hyn 20
km kot 120 km (TOA). OAeg 01 TPOCOUOIDGELS TPAYUATOTOMONKAV Y10, TPELS StopopeTikeg Cevibieg
NAakég yovieg (SZA): 25°, 45° ko 65°, kaAdmTovTog évay TUTIKO NUEPNGLO KOKAO Y10l EKTIUNGELS TNG
NAlokng oktvoPoAiog ota péca yeoypapikd mAdtn mov eEetalovpe. Oleg ol mepmmtdOELg
OVTILETOTIGOMKAY Y10 ATHLOCPUIPIKT KOTAGTACT VIO avEépeAeg cuvOnkes. Extog amd o vyopetpo og
km (zout), T0 emimAéov amotelécpata €050V LE TO TELOG TV TPOGOUOIDCEMY EIVAL: T GUVIGTAOOCA TNG
Gueonc nAakng axtvoporiog (edir), N 0AKN akTvofoAia (egio) 1 d1dyvTn Kabodkn axtivoPolrio (edn),
N avtioToyn d1dyvtn avodikn aktvoBolrio (eup), kKot 0 puORog OEppovong (Bepuomra, oe Kmuépa),
Omwg meprypdpetor amd tovg Mayer et al. (2017).

H Ewoéva 7 aneswoviCer ta amotehécpato vroAoyispov tov eolvyiov aktvofoiidv (ARF,
Aerosol Radiative Forcing) yio ké0e puo oo t1g Tpelg mpoavapepoeves katnyopies: «BB & Saharan
dust», «Mixed Saharan dust» ko «Saharan dust». To ARF ot mepoyn aktivoporiog pkpod KOHoTog
(280-2500 nm) eivon apvnTikd, 1060 oTNV empaveta (Bottom of the Atmosphere, BOA), 660 kot 6tnv
Kopven ¢ atpodoceaipog (Top of the Atmosphere, TOA) ko yia T1¢ 3 Katnyopieg, evd 1 katnyopia
oV TEPIAAPAVEL copaTid Kavong Plopdlog Exel ONUOVTIKA LIKPOTEPT EMIOPOOT) YOENG KOL Y10 TIG
3 mpoceyyioes. To ARF gaivetot va givat avtioTpd@®S avaAoyo LE TNV avaAoyio ovapEEns, Kodmg
EKTILAOVTOL LEYOADTEPEG LEGES ATOAVTES TILEG Y10 TY) ALYOTEPO OVOLELYEVT] KOTIYOpiaL.
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Ewova 7: Méoeg tuég ARF oe SW ko LW, oty empdveia (BOA) kot otnv kopven (TOA) g atudoeaipag pali pe
TNV OXETIKN TUTIKY OOKAIOT YUOL TIG TPELG KOTNYOpPieg MoV oyeTilovTol He TV KOTaoToon avapelEng oepiov polov.
Yvykekpipévo o) «BB & Saharan dustyo,f) «Mixed Saharan dust» kot y) «Saharan dust». H Swakexoppévn ypopun
AVTITPOCOTELEL TNV T UNdév Tov ARF.

Aoppdavovtag vroym o0tt M emidpaocn tov Kabapod pvOuov BEéppavong amd to emEcHO
HETAPOPAG OKOVNG, Elval O £VIOVI KOVTA TNV EMPAVEL Y1, LKPEG NAtakéG Cevibieg yovieg (SZA),
Ol EKTWNGELS aVTHG TG Ttapapétpov otnyv empavew (BOA) otig 25° SZA vy 6Aeg T1g vtd pehétn
nepmTmoels, mapovostaloviar oty Ewova 8. Kabictator £161 copéc 0Tt T0 Tpdonpo tov kabopov
pvOurod Béppavong oto katmtepo 0plo ¢ atpdseapag (BOA) e&oaptdror amd v KoTtokOpLON
KOTAVOUN TV SOUATIdImV okdvnS Kot To onTikd dyog (AOD). ITo cuykekpyéva, 1 TAELOVOTNTO TOV
nepmTOGE®V Pe YoumAég Tinég AODsz2 (<0.2) kot pikpn €KToon KATaKOpLEa (TdY0G STPOUATMOGNGS
<2 km) diver apvnTikég TIHES kabapod puBupov Bépuaveng.

Emumiéov, 600 vynidtepn givor 1 tiun tov AOD 1600 peyaddtepn givar 1 amdAVTN T TOL
kaBopov puOLov Béppavonc. Ocov agopd to Vyog TG PAons TS oTPOUATOONS, aVTd Tailel factkd
poOro oTOV amdALTO KaBapd pLOLO BEpLavVoN g KEOE TEpiTTOONG, KAODS TO GTPMOUATA EPNUIKNG OKOVNG
OV EVPICKOVTAL KOVTUTEPQ GTO £00.POC, AapPdvouy peyordtepes TYWES amdAvTOL Kabapov BEpuavong.
[No mapdostypa, o otpopdtoon pe Bdorn 2800 m, mdyog 730 m kot AODs32 ico pe 0.01 €xet kaBapd
pvouod Bépuavong -0.17 Kmpépa, evod pia otpopdtoon pe Bdon 3800 m, wéyog 660 m kot AODs3,
ioo pe 0.02 €yet oxedov unodevikd puuod Bépuavong (-0.03 Kmuépa). Kot ta 600 avtd engicoota mov
peremnoape, cuvépnoay Tov idto puva (Avyovstog). Xe po GAAN cOykpion, ot TIHéG Kabapov puhuod
Bépuavong -0,02 Kmuépa kot +0,09 Kmuépa avapépovtar yio 600 GTPOUATMOGELS, KATA TN O1dpKELD
TOV KaAOKaAPLoH Tov £xovv oxeddv to 1610 Vyog Paong (2600 m kot 2500 m) ko wéyog (2300 m ko
2400 m) oArd dwapopetikég Tywég AODs32 (0.08 ko 0.34 avtiotoyyo). Téhog, évag cLVELOOUOG
ueydAwv tinmv AODs32 (0.21-0.83) kat peydiov mayovg (2100-5500 m), d0o mapdpetpot mov cuvidmg
eCaptdvron queca, oe cuvovacud pe younid vyog Bdong (1000-1500 m), divovv peydreg TIES TOL
kaBopov pvOpov BEpuavong pe Betikd Tpodonuo mov Kopaivetal amd +0.06 Eog +0.26 Kmuépa.
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Ewoéve 8: Extiudpeveg tipég kabapod puBuod Bépuaveng ava mepintmon tov Lyfuotog C 610 KATOTEPO TUNHO TG
atpodcparpog (BOA), otig 25° SZA, cuvapticel Tov DYous BAong TV GTPOUUTOCEMY OLOPOVUEVOY COUATIOMY EPMUKAG
npoéievonc. H éyypoun opildvtia khipaxa vrodeikvoet Tig Tipég AODss2, evd To mhy0g GUUPOAOL VTTOJEKVIEL TO TTAYOG
OTPOUATOOTG.

Téhog, omnv Ewdva 9 avorapictavtor ot katakdpuees katavopés ARF and to £€6apog £wg ta
10 km, énwg mpoikvyav and v mpooéyyion C otig 45° SZA, avd otabud. Tovtdypova
TAPOLGLALOVTOL KO Ol KOTOKOPVPEG KOTAVOLES TOV GUVTEAECTN as32 Y10 TO 1010 VP0G VWYOLS, OTMG
Kataypaenkay and tig petpioelg tov lidar. Ot katakOpLPEg AVTEG KATAVOUES, OULOLULOVOGT|LOVTOL,
axolovBovv v dta KaTakdpven dour, evad ot TéES ARF kovtd 6to €6a¢pog givarl apkeTd LYNALC,
Kot amOALTI TN, TPOKOAMVTOS YOEN Kot petdvovtot e tnv avénon tov vyovug. [To cvykekpyéva,
10 ARF xvpaivetar amd -150.0 éo¢ -1.9 W m? yio t Tpovéda, omd -38.1 o -3.7 W m yio tnv
Motévia, anod -64.8 éoc -13.2 W m2 yia v ABiva kot omd -90.3 ¢ -28.4 W m yio T Agpecd,
avdAioya pe v €vtaot Tov Kabe engicodiov. Ot avtiotoryeg dtokvpudvoetg Tov as32 etvar 0.286-0.029
km?, 0.268-0.088 km™, 0.135-0.078 km? wou 0.547-0.214 km™. Ot péyotec Tpéc ass2
noapotnpovvral cuvibmg peta&b 2000 ko 6000 m a.s.l., vrodeikvhovtag Ty TaPOVGING GTPOUATMV
oKOVNG, TOV OMOTLITMOVETOL GOV i LEI®ON TG NALOKTG akTvoPoAiog Tov eBAveL 6T YNV EMPAVELD,
070 16000Y10 aKTVOBOMMV.
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Ewoéva 9: Katokdpupeg Katavopés Tov sz (S0KEKOUUEVEG KOVKIBES) Onmg vTtoAoyiohnkay and petpioelg tov Raman
lidar (EOLE) pogi pe avtég tov ARF (SW, Srakekoppéves mavieg) mov voloyiotnkay ond tpocopoidoslg LibRadtran
and v mpocéyyoon C ywo tig tonobecies: o) I'pavdda, B) [Motévia, v) ADfva kot 8) Agpecov, otig 45° SZA .
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SOUTEPACUATIKG, OTO TANIGLO TNG TOPOVGOS SOUKTOPIKNG AtatpiPng, peretioape €va chHvVorlo
uetpnoewv lidar, e Baboc ypovov 18etiog (2000-2017), eEetdlovtag TIG YEMUETPIKEG KOl OMTIKES
1010TNTEC TOV COUATOIOV EPNUIKNG TPOEAEVONC, OO LETAPOPA (£PNUOGC Zayxapa), GTNV TEPLOYN TNG
ABMvag (Tomkn kKMpoka). e mepupepelokn kKAMpoka, HeEAETN TETpaeTong oelpds petpnoswv (2014-
2017), and emieyuévoug otabuovg tov dtktvov EARLINET (I'pavada, TTotévia, ABnva, Aguecsdc),
odnynoe og eEaymyn a&lOAOY®OV CUUTEPUCUATMV MG TPOG TIG YEMUETPIKES, OMTIKESG KO LIKPOPLGIKEG
1010 TEC COUATIOIOV EPNUIKNE TPoEAEVON G, KAOMDS Kol ¢ TPog To Pabud avdueléng tovg, Katd
LETAPOPE TOVG od TV TTNYN TPOEAEVOTG, OTOV EKAGTOTE GTAOUO TOPOTPNONG.

EmumAéov, n onpacio TG cuGTUOTIKAG XPHoNG HeTpiioemy thiemokonnong lidar g dedopéva
€16000v o povtédo petapopdg axtvoPoriag toviletar otnv mapovoo Adaxtopikny AwaTpipn,
OMUOVLPYDOVTOG £VOL POCIKO EPYALEID TOV EMTPEMEL TNV EKTIUNOT TOV AKTIVOPOAKOV EMOPAGEMY OO
SPOPETIKOVG TOTOVS OLEPOAVILATOG, OTTMS 1] EPNLUKT GKOVT] KOl 01 TPOCUEIEELS OVTNG, GE NTEPOTIKN
KMpoka. Xvvictatal, eniong, N TepATEP® dlEPEHVNON NG KOTAGTAONS AVAUEIENS TV AEPOAVUATOV
KaOADC, Oyt LOVO 01 OTTIKES TOLG OAAG KOl 01 LIKPOPLGIKEG TOVS 1O1OTNTES KOl 1 AKTIVOPOANTIKT dpdiom
T0VG pumopel va mowkidAovv o€ peydro Babud, avaroya e TOLS TOTOVG AVAIENS Kot £TGL, VO ETLOPOLV
1e SlopopetTikd TpdTOo 6TO evepPyelokd 160L0YI0 TNG YIVIG OTHLOCOOLPOG,.
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Chapter 1: Introduction on atmospheric aerosols

The main objective of the present Ph.D. Thesis is to improve and enrich the knowledge on
atmospheric aerosol research, focusing on issues with high scientific interest and huge impact on
atmospheric and climate studies. For this purpose, many aspects have been approached: retrievals of
the optical, geometrical, microphysical properties and simulations of the radiative effects of dust
aerosol particles are some of these aspects of the present Thesis. Specifically, we focus on desert dust
which is a major component of atmospheric aerosol, especially near desert areas.

Mineral dust particles are originated by wind erosion of the land surface in arid and semiarid
regions and can be transported in long ranges from a place to another altering, not only the local, but
also the regional and global climate. Consequently, dust particles play an important role in the Earth
system and energy budget with impacts on climate, meteorology, ecosystems or even human health.
Despite the importance of dust there are still large uncertainties related to dust and resulting effects on
the radiation budget and therefore their role is still under study. The present Thesis aims to fill some
of the aforementioned gaps by combining remote sensing measurements, tools, modelling and
radiative transfer estimations.

1.1 Atmospheric aerosols: a historical background

The atmospheric aerosol science was first approached by physicists, chemists, and
meteorologists, in a more concise way, since the 191" century. In 1930, long before the laser invention,
Edward. H. Synge proposed measuring the upper air density profiles by determining the scattering
intensity using an array of searchlight beams (Synge, 1930; Tuve et al., 1935). The first observations
were made seven years later by Hulburt, (1937) where traces of the searchlight beams were captured
using a sensitive photographic film after long exposure. Despite the innovative idea of using
searchlight beams, it was not before the early 1960s and the invention of the laser (Light Amplification
by Stimulated Emission of Radiation) and Q-switching techniques (Maiman, 1960; McClung, F.J. &
Hellwarth, 1962) until lidar technology started to rapidly develop, together with technological
advancements in lasers, optical components and photodetectors. The first atmospheric research using
laser radars is attributed to Fiocco & Smullin (1963) where scattered light, presumably from dust
particles, was detected along the beam pathway in the upper atmosphere. Since then, important
knowledge has been added in the theory of the existence and the role of these suspended particles while
new instruments have been developed.

Over the last 50 years, major aerosol types have been identified and categorized, whereas a
significant amount of studies concerning the spatio-temporal distribution of aerosols to be found in
different seasons and locations has been published. On the other hand, the laser remote sensing aerosol
retrievals have been an area of active research for more than 40 years now. Lidar's first
applications came in meteorology, where the National Center for Atmospheric Research used it to
measure clouds and pollution. Nowadays, ground-based and satellite atmospheric lidars in synergy
with other instruments and models are widely used in studying all the major atmospheric components
such as, aerosols, gases, temperature, wind and clouds.

1.2 The importance of studying aerosols

First of all, what is the definition of aerosols? Aerosols are minute solid or/and liquid particles
suspended in the air (Hinds, 1998). Their origin, anthropogenic or natural, determines their initial
physicochemical properties such as the size, the chemical composition (type) and the shape. Dispersed
aerosol particles always undergo changes caused by collisions and other effects such as interaction
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with other components, altering their physical properties and chemical composition. The term of
diameter is usually mentioned when referring to their size, however, in reality, aerosols can be found
in many different shapes and morphologies depending on their origin. For instance, we can notice their
presence as they scatter and absorb sunlight. Their scattering of sunlight can reduce visibility (haze)
and redden sunrises and sunsets.

Aerosols interact both directly and indirectly with the Earth's radiation budget and climate. As a
direct effect, the aerosols scatter sunlight. An aerosol’s effect on light depends primarily on the
composition and the colour of the particles. As an indirect effect, they can modify the size of cloud
particles, changing the clouds’ reflection and absorption of sunlight, the life-time and, thereby
affecting the Earth's energy budget. The radiative effects of atmospheric aerosols have been strongly
indicated by the Fifth Assessment Report (AR5) of the IPCC (2014), while their effect in visibility,
vegetation and humans’ health and other living species is existing too.

Depending on the season and the weather conditions, aerosol layers can make their way into the
atmosphere almost anywhere on Earth, both in the troposphere and the stratosphere. Although most
aerosols remain suspended in the atmosphere for short periods —typically between four days and a
week— they can travel over vast distances. For example, dust plumes from the Sahara desert frequently
cross the Atlantic and reach the Caribbean ) (Tesche et al., 2011; Rittmeister et al., 2017) or in our
case, they cross the Mediterranean Sea and find their way to Europe (Balis et al., 2006; Wiegner et al.,
2011; Valenzuela et al., 2014; Nisantzi et al., 2015; Mandija et al., 2017; Soupiona et al., 2018; 2019;
Fernandez et al., 2019). In another example smoke plumes from wildfires in Siberia and Canada can
find their way to the Arctic ice cap and Europe (Mattis et al., 2008; Baars et al., 2019; Papanikolaou
et al., 2020). It is also important to mention here that over time, as urbanization and industrialization
has proceeded, aerosol emissions have changed significantly. Key aerosol groups include sulfates,
organic carbon, black carbon, nitrates, mineral dust, and sea salt.

1.3 Aerosols’ role in climate change

Once in the atmosphere, aerosols can have a variety of impacts. All aerosols scatter and some of
them also absorb the sun radiation. As a result, when found in large concentrations, they tend to scatter
sunlight back to space, preventing the direct sun beam reaching the Earth's surface. This can lead to a
cooling of the Earth's surface, a change in the latent heat and sensible heat fluxes, and an alteration in
the distribution of heating in the atmosphere. Whilst the direct sun beam is prevented from reaching
the surface, more scattered light is available and this may affect the photosynthesis. On the other hand,
strongly absorbing aerosols, such as black carbon, have a warming effect. Aerosols are also indirectly
linked to the climate system by changing cloud formation, characteristics, lifetime and rainfall acting
as cloud condensation nuclei (CCN) or ice nuclei (IN). Lohmann and Feichter, (2005), Seinfeld et al.,
(2016) as well as Weinzierl et al., (2017) are some of the scientists that have extensively studied the
relationship between aerosol and cloud interactions.

The term of Radiative forcing (RF) is often used to quantify and compare the potential climate
impact of the various aerosol effects. RF is defined as a change in the Earth's radiation balance due to
a perturbation of anthropogenic or natural origin. Global average RF estimates in 2011 relative to 1750
and aggregated uncertainties for the main drivers of the Earth's climate, from the IPCC AR5 (2014),
are presented in Fig. 1.1 while the error bars represent 90% confidence intervals of the RF. The
numerical values are provided on the right part of the figure, together with the column of the confidence
level in the net forcing (VH — very high, H — high, M — medium, L — low, VL — very low). The RF of
the total aerosol effect in the atmosphere, which includes cloud adjustments due to aerosols, is
calculated to be of 0.9 [-1.9 to —0.1] W m~2 (medium confidence). This results from a negative
forcing contribution from most aerosols and a positive one from black carbon absorption of solar
radiation. Furthermore, there is a high confidence that aerosols and their interactions with clouds have




offset a substantial portion of the global mean forcing from well-mixed greenhouse gases. However,
they continue to contribute to the largest uncertainty in total RF calculation.
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Figure 1.1: Global mean positive and negative radiative forcing and ranges since 1750 for anthropogenic carbon dioxide
(CO2), methane (CHs.), nitrous oxide (N20), aerosols and other important agents and mechanisms. The net anthropogenic
radiative forcing and its range are also shown (IPCC, 2014).

1.4 Particle Size Distribution (PSD)

Aerosols arising both from natural (dust, sea salt, volcanic ash and volcanic sulphates) and
human activities (soot, ammonium sulphate and ammonium nitrate) are often mixed together, while
uplifting and travelling long distances. Directly emitted (primary) particles are distinguished from
secondary particles which are formed by transformations. Each atmospheric particle mode has its
specific sources. Radius or diameter characterize size of one particle, but the particles may have
complex shapes and radii vary by orders of magnitude. More specifically, the size range spans over 5
orders of magnitude (~1 nm — ~100 um). Size affects both the lifetime and the physical and chemical
properties. The atmospheric aerosols can be described rather well with a set of log-normal distribution
functions (normally distributed in logarithmic scale) (Seinfeld and Pandis, 2006).

As Fig. 1.2 depicts, nucleation particles form by condensation of super-saturated gases, Aitken
particles from the nucleation mode or incomplete combustion (e.g. soot) processes, the accumulation
mode particles from the Aitken particles or intensive mechanical processes and the coarse particles
from the accumulation mode particles and moderate mechanical processes (e.g. abrasion of mineral
dust, volcanic ash, sea spray). In most cases the aerosol modes are not monodisperse. Usually, the
lowermost particle diameter is of the order of 1 nm because in terms of kinetics all particles with
diameters smaller than 1 nm should be categorized as ion clusters (Laakso, 2004).

Depending on the different particle sizes, aerosols are fount at different heights in the
atmosphere. A distinctive nucleation mode usually appears close to boundary layer aerosol sources
and in the upper troposphere because the nucleation mode particles are converted into Aitken mode
particles by coagulation. A considerable number of accumulation modes are always present in aged
aerosol layers as they have been matured by aging of the nucleation mode and sedimentation takes




place slowly. On the other hand, the coarse mode aerosol particles feature efficient sedimentation
activities. Therefore, these particles mainly can be found close to source regions of primary aerosols.

Chemical Conversion
of Gases to Low
Volatility Vapors £

Hot Vapor

Condensation

Low
Volatility
Primary Vapors
Particles Marine Organic

Homogeneous
Nuclation

Coagulation

'

Wind Blown Dust
-
Emissions

Condensation

Growth of Nuclei ﬁ ) +
Sea Spra
« +P y
Dropl Biomass Smoke Volcanoes
_ +
|
[ it Plant Particles

ets
Coagulation
Coagulation \

Rainout
& Washout Sedimen-

tation

0.001 0.01 0.1 1 10 100
Particle diameter [um]
Transient Nuclei or Aiken Nuclei Accumulation Mechanically Generated Aerosol
Range — | -— Range e Range —_—
Fine Particles Coarse Particles —_—

Figure 1.2: Schematic multi-modal particle size distribution with typical formations, sources and removal mechanisms.
Example particle types included (Figure adapted from Zieger, (2011). Original source: Whitby, 1978; Seinfeld and Pandis,
2006).

1.5 Aerosol sources and typing

The majority of atmospheric aerosols that can be found suspended in the atmosphere (nearly
90%) originate from natural sources. Sea salt from ocean waves and dust from deserted regions are
two of the most abundant aerosol types (Textor et al., 2006). However, volcanos eject huge columns
of ash into the air during an eruption and the forest fires eject biomass burning aerosols and organic
carbon aloft. Though less abundant, another portion of aerosols is considered of anthropogenic origin
and can often dominate the air inside the Aerosol Boundary Layer (ABL) of urban and industrial areas.

There are two broad categories of aerosols: the primary aerosols which are generated or emitted
as solid particles (e.g. Saharan dust, sea salt or soot) and the secondary aerosols that are formed from
primary pollutants in the atmosphere through chemical reactions (e.g. ammonium sulphate aerosols
are formed from the gases sulphur dioxide and ammonia, whilst organic aerosols are formed by
chemical reactions acting on chemicals such as isoprene which is emitted by vegetation). However,
aerosols are often classified according to their composition, origin, or size.

Table 1.1 summarizes these three large categories and what they include. Particle size is
sometimes also classified according to “PM” (particulate matter) thresholds, particularly in
characterizing the health effects of air pollution. PM2s particles are those smaller than 2.5 pm in
diameter, while PMyo includes all particles smaller than 10 um.




Table 1.1: Aerosol classification according to their composition, origin and size.

AEROSOL CLASSIFICATION

Composition Origin Size
e Soluble materials (sea salt, e Marine: arising mostly Fine mode (< 2 pm diameter):
ammonium sulfate, or ammonium from the evaporation of sea e Aitken particles (mostly
chloride, natural and spray < 0.2 pm in diameter);
anthropogenic e Continental: dust and the e Large or accumulation-
e Mineral (e.g., dust; constituents result of photochemical mode particles (0.2 to 2
of sand or soil) reactions um diameter).
e Carbonaceous (black carbonand | e Biomass burning Coarse mode (> 2 um diameter):
organics) — e.g. smoke e Volcanic e Giant particles (>2 pm
e Biogenic (created by living e Human-made: the result of diameter);
organisms) combustion or e Ultragiant (> 20 pm
¢ Volcanic (often sulfate aerosols photochemical reactions diameter).
from the oxidation of sulfur involving pollutants.
dioxide, ash)
e Secondary organic aerosol
(formed from condensed gases)
e Mixtures of the above types

1.5.1 Mineral dust aerosols

Mineral dust aerosols originate as soil emitted loft particles loft into the atmosphere by wind
erosion activities having radii ranging from about 0.1 to 50 um (Duce, 1995) with non-spherical
shapes. The soil is most vulnerable to erosion in dry regions, where particles are only loosely bound
to the surface by the low soil moisture. Larger particles may fall out near the source region, but smaller
particles can be transported thousands of kilometres (km) downwind. The radiative effect of each
particle depends upon its cross-sectional area, so that the smallest particles, which have the longest
atmospheric lifetimes, also have the largest radiative effect per unit mass (Miller and Tegen, 1998).
Dust aerosols both reflect and absorb sunlight that would otherwise reach the surface (Lacis and
Mishchenko, 1995; Tegen et al., 1996).

1.5.2 Sea salt - Marine aerosols

These aerosols are emitted into the atmosphere through the evaporation of sea surface spray
mainly driven by wind. They can be formed both from primary and secondary processes. Spray
droplets are regarded as the largest aerosols having radii of approximately 0.5-5 um and a considerable
mass and are readily deposited on the ground. The marine aerosol consists predominantly of chlorides
(~88.7%) and sulphates (~10.8%), whereas other chemical substances make up a mere 0.5% of the
total mass (Gustafsson and Franzén, 2000). Sea breezes are usually conducive to the transport of
marine aerosols over land areas (Derimian et al., 2017). Atmospheric sea salt plays important role in
marine cloud formation and atmospheric chemistry (Cochran et al., 2017).

1.5.3 Smoke and Biomass Burning aerosols

Biomass Burning (BB) aerosols are emitted into the atmosphere by intense forest or agricultural
fires, savannah grass, and other types of vegetation, occurring most frequently in the tropical or
subtropical regions during drought periods. Emissions from burning vegetation include elemental
carbon (EC) and organic carbon (OC) as well as other particulate substances, together with gases such
as CO2, CO, NOx, CH4, and nonmethane hydrocarbons (NMHCs). Combustion processes generate
particles varying in size (smaller than 0.2 um up to a few microns, representing coarse-mode
particles, >2 um). BB particles are considered spherical to nearly-spherical while differentiations are
observed between fresh and aged smoke aerosols (Nicolae et al., 2013; Baars et al., 2019). Black
Carbon (BC) is produced primary from the incomplete high-temperature combustion of fuels (fossil




and bio-) and biomass. Naturally, as the combustion process is never complete (i.e., partial oxidization
to CO»), various gases, organic carbon (OC) and BC are released into the atmosphere. The amount of
BC to OC depends on the burning material.

1.5.4 Volcanic ash

Volcanic aerosol emissions are a powerful natural driver of year-to-year and decade-to-decade
variations in climate. VVolcanoes emit fine ash and sulfur dioxide gas (SO), which reacts with water
in the atmosphere to form sulfuric acid (H2SO4). Volcanic ash particles may be transported over large
distances of several thousand kilometres while smaller particles of a few microns and below may even
travel around the world (Papayannis et al., 2012; Kokkalis et al., 2013; Vernier et al., 2016). When
volcanic plumes are emitted powerfully enough to reach the stratosphere, the H.SO4 can form a
persistent haze of liquid droplets, reflecting away sunlight and cooling the earth. In other words,
introduction of H2SO4 aerosols into the stratosphere will increase the albedo of the Earth, which is
essentially the reflectivity for incoming solar radiation.

1.5.5 Urban aerosols

Urban aerosol layers are dominated by anthropogenic sources. Their origin may be either
primary (direct emission into the atmosphere) or secondary (post-emission formation in the
atmosphere). Aerosol mass concentrations in urban areas range from a few tens of pug/m? to 1 mg/m?
during air pollution episodes in heavily polluted cities in developing countries (e.g. Jiang et al., 2015).
Health impacts of particles in urban atmospheres have long been well documented (Harrison,
2004).The World Health Organization (WHO, 2005) has introduced the air quality guideline that is an
annual mean concentration guideline for particulate matter. This guideline is intended for worldwide
use but have been developed to support actions to achieve air quality that protects public health in
different contexts. It stipulates that PM2s should not exceed 10 pug/m® annual mean, or 25 pg/m?
24-hour mean and that PM1o cannot exceed 20 pg/m® annual mean, or 50 pg/m® 24-hour mean.

1.5.6 Bioaerosols

The bioaerosols are airborne particles of biogenic origin (e.g. bacteria, viruses, fungi, fungal
spores), which are various fragments or sub-products released from living organisms (e.g. pollen)
(Ariya et al., 2009). They are considered as coarse mode aerosols since they have sizes ranging from
10 nm to ~100 um (depending on their origin). The bioaerosols have been under intense study during
the last decades due to their impact on human health (diseases, allergies etc) and also as climate players
(acting as CCN or IN) (Frohlich-Nowoisky et al., 2016). Recent observations and studies indicate that
there are significant emissions of bioaerosols not only from terrestrial ecosystems (Després et al., 2012;
Frohlich-Nowoisky et al., 2016) but also by the sea surface (Aller et al., 2005; Wilson et al., 2015).




Chapter 2: Atmospheric Optics - Interaction
between light and matter

Several optical phenomena govern the propagation of light through the atmosphere. In this
section, some of the basic interactions between light and atmosphere, such as the transmission,
absorption, emission and scattering will be presented. Although all these interactions can be considered
as part of an overall radiative transfer process within the Earths’ atmosphere, we will treat them as
distinct optical phenomena: molecular absorption, Rayleigh scattering, aerosol (Mie) scattering,
Raman scattering, depolarization and fluorescence. Each of these basic phenomena will be discussed
here as a brief outline of the fundamental laws governing the transmission of light in the atmosphere
centred around the Beer-Lambert law.

Light interaction with particles

The Beer-Lambert law describes the exponential decay of the intensity of light propagating in
an absorptive medium within a distance L:

I = l,e @i (2.1)

where lo is the incident light intensity, | is the light intensity transmitted through the medium in
the forward direction (i.e. parallel to the incident light), and the «(1) is the volumetric extinction
coefficient.

This law, consequently, relates the attenuation of light to the properties of the atmospheric
volume through which light is traveling. It describes also the relationship between the absorbance and
the concentration of an absorbing species and implies that both the type and the concentration of the
molecules are important in the process of the radiation absorption.

Let us describe now the Transmittance (T) of an atmospheric volume as follows:

T=L 0<T<1 (2.2)

Iy

where lo is the intensity of the incidal light and I the intensity of the transmitted light. The absorbance
(A) has a logarithmic relationship to the transmittance given by:

A= loglOITO = —log,oT = ecl (2.3)

where ¢ is a constant called molar extinction coefficient of the attenuating species and is a measure of
the probability of the electronic transition involved in the absorption process, c is the concentration of
the attenuating species and | is the length of the light path.

2.1 Atmospheric structure and composition

The Earth's atmospheric layers are characterized by variations in temperature resulting primarily
from the absorption of the incoming solar and outgoing Earths’ radiation: Specifically, atmosphere has
a series of 5 layers, each with its own specific characteristics: the troposphere (up to 8-15 km in
altitude, depending on the latitude), the stratosphere (8-15 up to 50 km), the mesosphere (50-85 km),
the thermosphere (85 to between 500 and 1000 km) and the exosphere (>500 or >1000 km). Our main
interest is centered around the troposphere, which is the lowest layer of Earth’s atmosphere and nearly
all the weather phenomena occur. In the troposphere, mostly 99% of the water vapor in the atmosphere
is found mixed in different layers. Tropospheric aerosols emitted in this layer can travel over long
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distances in many different altitudes as wind favour their uplift and transport. Air pressure drops, and
temperature gets lower, as you move vertically inside this layer.
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Figure 2.1: Atmosphere graph of geometric altitude versus air density, pressure, the speed of sound and temperature wit
approximate altitudes of various objects (adapted from US Standard Atmosphere, 1962).

The Planetary Boundary Layer (PBL) is the lower part of the troposphere where the majority of
the human activities take place and the air flow field is strongly and directly influenced by the
interactions with the surface. The thickness (depth) of the PBL is not constant. The physical
mechanisms which contribute to the diurnal variation of the PBL structure are mainly the evaporation
and transpiration, the heat transfer, the frictional drag, the pollutants emission and the terrain-induced
flow modifications. During daytime, there is a statically-unstable Mixed Layer (ML) which reaches its
maximum depth in late afternoon (cf. Fig.2.2) due to the solar heating of the ground. At night, a
statically Stable Boundary Layer (SBL) forms under the neutral Residual Layer (RL). The RL contains
the pollutants and moisture from the previously developed ML, being not very turbulent. The layer
close to the surface is the so-called surface layer (SL). The free troposphere is clearly separated from
the ML by the so-called Entrainment Zone (EZ). During nighttime, the turbulence is diminished in the
EZ but a nonturbulent separation layer, called capping inversion, remains. More details about the PBL
structure and dynamics can be found in Stull (1988).

Free Atmosphere

i Capping Inversion
. Entrainment Zon pping

Entrai

Mixed

Residual Layer Layer

Mixed
Layer

Stable Boundary Layer
Surface Layer Sur yer / Surface Layer
Noon i

Figure 2.2: Structure of the Planetary Boundary Layer (Adapted from Stull, 1988).




2.2 Atmospheric optical phenomena measured by remote sensing techniques

2.2.1 Absorption of light

Absorption is one possible result of the interaction of electromagnetic radiation and matter. The
process of absorption means that a substance captures and transforms energy. For a photon to be
absorbed it has to be of a particular wavelength (A) (or energy) and because of the principle of
conservation of energy, the absorption of light induces a change in the energy state of the atom (or
molecule) by either an electronic, vibrational, or rotational transition. The absorption lines of gases
provide information on temperature and pressure. Figure 2.3 shows the absorption spectra of some of
the most important trace gas molecules in the spectral region between 3 and 5 pm.
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Figure 2.3: Absorption spectra of some important trace gases in the wavelength region 3-5 um. The solid grey background
shows the water vapour absorption. This figure shows only the absorption line strengths per molecule, without taking into
account the abundances of the molecular species. The molecular line data are derived from the HITRAN 2012 database
(Figure adapted by Vainio and Halonen, 2016).

2.2.2 Transmission of light

Transmission is the passage of electromagnetic radiation through a medium leaving the
frequency of the radiation unchanged. The transmittance of a medium is defined, as shown previously,
by the ratio of transmitted radiant to incident radiant light intensity. The total transmittance is further
subdivided in regular transmittance and diffuse transmittance, which are given by the ratios of directly
transmitted radiant power and diffusely transmitted radiant power to incident radiant power,
respectively.

2.2.3 Scattering of light

In addition to being absorbed or transmitted, the propagating electromagnetic radiation in the
atmospheric volume can also be scattered by the suspended particles in the atmosphere. The term
scattering is mostly used for diffuse scattering, where light is sent into a wide range of directions. The
amount scattered in any direction forms a pattern that is described by the single scattering phase
function P(0), where 0 is the scattering angle that is the angle between the scattered light and the
forward direction. The backscatter corresponds to 6 = 180°, while forward scattering corresponds to
0 = 0°. Details about the backscatter coefficient will further be presented in the Chapter 3 (Sect. 3.1
and 3.4).




The elastic scattering occurs when there is no loss of energy of the incident photon and thus, the
A of the scattered light is not changed. The elastically scattered photons can change direction but do
not change their inner energy and A. In other words, the oscillating electric field of a light wave acts
on the charges of the “particle”, causing them to oscillate at the same frequency. The “particles”
(individual aerosol particles, atoms or molecules), therefore, become small radiating dipoles whose
radiation we see as scattered light. Mie and Rayleigh scattering are the two elastic scattering processes.
The first one occurs when the scattering “particles” have a similar size as the A of light and is
particularly relevant for meteorological optics. The second one occurs when the “particles” are much
smaller (radius less than approximately 1/10) than the A of the radiation.

The Rayleigh scattering results from the electric polarizability of the particles. The strong
wavelength dependence of the scattering (~\ ) is the reason for the blue colour of the sky and for the
redden sunrises and sunsets.

The Inelastic or Raman scattering occurs in molecules when the kinetic energy of an incident
photon is increased (Stokes Raman scattering) or reduced (anti-Stokes Raman scattering) during the
molecular interaction. By measuring the energy difference between the incident electromagnetic
radiation and the scattered electromagnetic radiation, important information about the vibrational
energy and frequencies can be obtained.

Figure 2.4 illustrates the rotational-vibrational Raman spectra of several atmospheric molecules
such as oxygen (O2), nitrogen (N2) and water vapor (H20) in gas, liquid and solid phase. The incident
light at 355 nm excites the atmospheric nitrogen molecules which emits light at the 1% Stokes line at
387 nm. When the incident beam is at 532 nm, the Raman scattered photon is detected at 607 nm.
Therefore, a lidar system based on the Raman scattering can also detect Raman lines of the water vapor
at 407 nm for an incident light beam at 355 nm. Thus, it appears that a spectrally resolved analysis of
the backscattered radiation allows the measurement of various atmospheric species. Usually, the
Raman scattering gases with well-known mixing ratios in the atmosphere (i.e. O2, N2) can be used as
calibration values in this process.
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Figure 2.4: The Raman backscatter spectrum of the atmosphere for an incident laser wavelength at 355 nm (atmospheric
pressure at the sea level, temperature 300 K, N2 and O, content of 0.781 and 0.209, respectively, and water-vapor mixing
ratio of 10 g/kg). The curves for liquid water and ice are arbitrarily scaled (Adapted from Wandinger, 2005).

2.2.1 Extinction (or Attenuation) of light

Atmospheric extinction is the sum of the scattering and absorption processes, so it represents
total the effect of the light passing through a medium. In the atmosphere, aerosol particles can scatter
and absorb solar and the Earths’ radiation altering the air temperature and the rates of photochemical
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reactions. The key parameters that govern the scattering and absorption of radiation by a particle are:
1) the A of the incident radiation, ii) the size of the particles, expressed as a dimensional size parameter

X x 7TD/A, where D is the particle diameter, and iii) the complex refractive index (CRI) of the particle

m: m = n + ik, where n is the real part, responsible for scattering and k the imaginary part of the
refractive index, responsible for absorption. Both n and k depend on A and the chemical composition
of the particle. Therefore, the knowledge of the vertical profiles of the aerosol CRI is of primary
importance when we study the energy equilibrium of the Earth through the attenuation of the
atmospheric radiation by aerosols, gases and/or clouds. In order to solve the radiation transfer equation,
one requires information of the optical properties of the gases and particulates (such as extinction
coefficient, single scattering albedo, scattering phase function, asymmetry parameter etc.).

Fluorescence (\e>},)  Inelastic Scattering (A;)
(Raman)
——
Absorption
\ .
~
% . ~_ Elastic Scattering (Ay)
f’ - . .
Reflection (Agys” (Mie, Rayleigh)

Incident light beam (1, Ay)
Figure 2.5: Interaction of light with a spherical aerosol.
2.2.2 Depolarization of light

It is well documented that atmospheric particles may have many different shapes. This can be
studied by the light depolarization effect which provides information about the nature of the scattering
particles, since the Mie scattering theory indicates that depolarization is caused by non-spherical
scatterers. Therefore, the Mie scattering theory can often be a very rough approximation. As long as
the particles are small compared to the wavelength of the incident radiation, the actual shape does not
play a major role on the scattering properties as theories for non-spherical scatterers show (Pollack and
Cuzzi, 1980). If the particles are large and non-spherical, like ice crystals, fluffy soot agglomerates,
mineral dust, or sea-salt particles, we cannot use the Mie scattering theory any more, but we have to
apply more elaborate non-spherical scattering theories (Heller and Nakagaki, 1974; Mishchenko et al.,
1996). The presence of large non-spherical particles in the atmosphere can easily be detected by lidar
techniques. Spherical scatterers do not change the polarization state of a linearly polarized laser light
if scattered at 180°, whereas non-spherical scatterers lead to a depolarization of backscattered radiation.
Therefore, the polarization-sensitive light detection is particularly useful in the investigation of cirrus
clouds and dust layers (Freudenthaler et al., 2009). When the polarization state of the laser radiation
emitted is well known, it is possible to measure how much radiation is backscattered in the same
polarization and how much at the perpendicular.

2.2.3 Fluorescence of light

In elastic scattering, except that photons in the incident beam are redirected from their original
path without a change in photon energy, absorption of light by the particle can also occur. In this case,
the absorbed energy can be re-radiated as thermal emission or fluorescence. While the former is
believed to be the dominant process, certain aerosol particles containing bio-agents have been found
to be fluorescent (Immler et al., 2005; Pan et al., 2007; Richardson et al., 2019).
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Chapter 3: Aerosol Remote Sensing

This section is dedicated to the basic aerosol remote-sensing techniques and associated
instruments. We will discuss the active and passive remote sensing techniques. Light detection and
ranging (lidar) is an active remote sensing technique which uses electromagnetic energy in the optical
(Ultra Violet to mid-Infrared) range to detect an object (target). Firstly, the lidar technique will
schematically analysed (Sect.3.1) , followed by a full description of the lidar equation (Sect. 3.1.1) and
the relevant detection modes of the lidar signals. Different types of lidar instruments will be presented
(Sect. 3.1.5) until we focus on the instrumentation that is available at the Laser Remote sensing unit
of NTUA and which was extensively used for our study (Sect. 3.2). Additionally, the lidar pre-
processing methods (Sect.3.3) along with aerosol data products (Sect. 3.4) will be presented. Finally,
a brief description of the other EARLINET stations, used in this study (Sect. 3.5) and the Aerosol
Robotic Network of sun photometer measurements (Sect. 3.6) will be presented at the end of this
Chapter.

3.1 The lidar technique

The principle behind a lidar is quite simple, aiming to determine the distance between the target
and the instrument (range), and deduce the physical properties of the object based on interaction of the
radiation with the target through phenomena such as scattering, absorption, reflection, and
fluorescence. A laser transmitter emits light pulses to the atmosphere under study: an optical assembly,
usually a telescope, collects part of the scattered radiation, which, after being spectrally filtered, is fed
into a photo-detector; the detected signal is then amplified, digitized and processed to retrieve
atmospheric parameters of interest. The basic layout of a lidar system is shown in Fig. 3.1. The
wavelengths used in lidar system depend on the application and extend from about 250 nm to 11 um.
High-power excimer and Nd: Y AG lasers have been spreading out in the field since the 1980s (Ancellet
et al., 1989). Excimer lasers produce ultraviolet radiation, whereas the Nd:YAG crystal emits in the
infrared spectral region at a wavelength of 1064 nm. Frequency doubling and tripling with nonlinear
crystals is widely used to convert the primary Nd:YAG radiation to 532 and 355 nm or even to
quadrupling at 266 nm. Both laser types serve not only as direct lidar emitters, but also to pump
secondary laser sources. The radiation can be shifted to longer wavelengths by stimulated Raman
scattering in gases such as hydrogen and deuterium (Papayannis et al., 1990).
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Figure 3.1: Typical illustration of a Raman lidar setup. (Original source: Wandinger, 2005).
3.1.1 The elastic lidar equation
The elastically backscattered lidar signal from a range r is given by the following equation
(Weitkamp, 2005):

n PO (1) [Bmot(r, ) +Baer(r,A) | xexp[-2 f(;r amol(r,»/u+aaer(”',’/1)d7',]
r2

P(r, 1) = + P,y (3.1)

P(r) is the received power from a distance r, n is an instrumental constant which contains lidar
parameters describing the efficiencies of the optical and detection units [n = %Ar, where E is the

energy (J), 4, is the effective telescope area (m?) and c is the speed of light], O(r) describes the overlap
between the outgoing laser beam and the receiver field of view (overlap function), 8 = B0 () +
Baer () [M~Isr7!] is the atmospheric backscatter coefficient and @ = a0 (1) + ager () [M'] is the
atmospheric extinction coefficient. Both the o and B coefficients contain the molecular and the
particulate contributions.

The backscatter coefficient S(r) is the primary atmospheric parameter that determines the
strength of the received lidar signal. It describes how much light is scattered into the backward
direction, i.e., towards the lidar receiver. The molecular scattering (index mol) contribution, mainly
occurring from nitrogen and oxygen molecules, primarily depends on the air density, thus decreases
with distance (range) between the receiver and the scattering atmospheric volume. The particulate
scattering (index aer for aerosol particles) is highly variable in the atmosphere on all spatial and
temporal scales. Aerosol particles represent a great variety of scatterers: tiny liquid and solid air
pollution particles consisting of, e.g., sulfates, soot and organic compounds, larger mineral-dust and
sea-salt particles, pollen and other biogenic material, as well as comparably large hydrometeors such
as cloud and rain droplets, ice crystals, hail etc.

The last term in the lidar equation, Png, includes the atmospheric background light at the detection
wavelength A, and any electronic (thermal noise and the dark current noise of the detectors used)
background noise signal. The transmission term T(r) can take values between 0 and 1 and is given by

T(r) = exp[—2 fora(r’,/'l)dr' where, a(r, 1) = Ao (', ) + ager (', 1) (3.2)

This term results directly from the Lambert-Beer law applied on the laser light which is
attenuated by aerosols and molecules. The integral considers the optical path from the lidar system to
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distance r. The factor 2 stands for the two-way transmission path of the laser beam inside the probed
atmospheric volume. The sum of all transmission losses represents the laser light extinction, during its
propagation in an atmospheric volume within a range r from the lidar system. The atmospheric
extinction is related to scattering and absorption of light by molecules (amor) and particles (aaer). It is
divided into scattering (index sca) and absorption (index abs) contributions and is written as:

0((7', /1) = amol,sca (T‘, /1) + amol,abs (T‘, /1) + aaer,sca (T, /1) + aaer,abs (Tr /1) (33)
3.1.2 Solving the elastic lidar equation

In any form and for a specific wavelength A, the elastic lidar equation has two unknown quantities
(B and a) which is an intrinsic problem of an elastic backscatter lidar system since one has to retrieve
two unknowns with only one equation. Several solutions (depending on different assumptions) have
been proposed in the literature in order to solve the elastic lidar equation. Here we follow the Klett-
Fernard method which is valid for highly turbid and moderately turbid atmospheres.

In order to apply it, the following assumptions have to be made: the molecular atmosphere
scattering properties, Bmo:1(r, 4) and a,,,;(r, A) are considered known and determined from the best
available nearby meteorological radiosonde data or approximated from a standard atmospheric model.
Furthermore, we assume that the extinction-to-backscattering ratio (lidar ratio) for aerosols
LR(r,A) = Z“Lg'g, remains constant with range, meaning that the size distribution and composition

aer\!'»
of the aerosol scatterers are not changing with range and that the variations in the aerosol

backscattering are only due to changes in their number density.

Furthermore, the lidar ratio for molecular scatterers is considered constant and equal to:

mo ( ) 8

The first step of the lidar signal processing is to subtract the background signal P,g from the
detected lidar signal P(r) at wavelength A and then to define the Range Corrected Signal (RCS) as:

S(r,A) =P(r,A) — Py, (3.4)
Therefore, from eq. (3.1.):

RCS(r,A) =S(r, 1) X rt=n POO(T) [,Bmol(r: A+ :Baer(r’ /1)] X exp[_z for amol(r,’/l) + aaer(r’:}t)dr’
(3.5)

Thus, the final solution is given by Klett (1981):

RCS(r,A)xexp[2(LR(A)~LRmo1) f:ref Bmor(r' Ddri]

:8 (T', A) = RCS(rTef,/l)

Cxﬁmol(rrefr)‘)

+2LR(A) [T Tef RCS(r’,)l)xexp[Z(LR()l)—LRmol) f:,ref ,Bmol(r”,l)dru]dr/
(3.6)
where

Bunot(TrepA) +Baer (Trer )
Bmgl(rref"l)

and r,.¢ is a reference height. If at the .., there are no aerosols (aerosol free region) we can assume

that Baer (trer,4) = 0, and thus, € = 1.

C =

(3.7)

According to Klett, the profile of the particle a(r, 1) can then be estimated from the solution B, (r, 1)
by ager (r,A) = LR(r, 1) X Baer ().
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3.1.3 The Overlap function O(r)

The geometric factor G(r) =% includes the laser-beam receiver-field-of-view overlap

function O (r) described before and the term r~2. The quadratic decrease of the signal intensity with
distance is due to the fact that the receiver telescope area is part of a sphere’s surface with radius R
that encloses the scattering atmospheric volume (Weitkamp, 2005). The function O(r) results from
the combination of all geometric effects and its value starts from zero and becomes unity when the
laser beam is completely imaged onto the detector through the field stop. Therefore, the effect of the
overlap function on the backscattered lidar signal is eliminated above a certain altitude (called overlap
height). For large telescopes the overlap function can affect the lidar return signal up to distances of
several receiving kilometers (Wandinger, 2005). To minimize the distance of full overlap, the laser
beam is transmitted to the atmosphere with a small tilted angle. Above that range, the backscattered
light beam is totally captured by the receiver telescope. However, at any lower altitude from ground
to this full overlap range, the backscattered signal is affected by the incomplete overlap function
(i.e., 0(r) < 1).Figure 3.2. graphically depicts this effect, where, at short ranges, the telescope does
not “see” the laser beam. As the beam travels away from the lidar, more and more of the laser beam is
“seen” by the telescope until, near the peak of the signal, the entire beam is inside the telescope’s field
of view (O(r) = 1).

Relative signal intensity

Distance, km

Figure 3.2: Influence of overlap function O(r), on a lidar signal (Wandinger, 2005).
3.1.4 Signal detection and gluing

For a ground-based lidar system, the backscattered light usually has large dynamic range,
typically of 10-15 km. For this reason, there are two main techniques of measuring in detecting the
backscattered lidar signal: Analog mode with high linearity, is efficient for measuring strong signal
returns at low altitudes, typically up to 2-8 km, depending on the intensity of the laser pulse emitted
and the parameter of the receiving telescope, whilst the Photon-counting mode has the capability to
measure weak signals from high altitudes even up to 165 km (Du et al., 2018). In many lidar systems,
the atmospheric return signal is measured in both Analog and Photon Counting modes and then
combined into an entire profile by using a “gluing” algorithm before further signal processing.

i)Analog Detection mode (AD): A transient recorder operating in the AD mode is based on an
analog-to-digital converter (ADC), which samples and digitizes the lidar signals with a sampling rate
of 20-40 MHz (depending on the type of the Transient Recorder (TR) used) with a 12-16-bit resolution.
A memory length up to 8192- or 16000-time bins, depending on the TR type, can be selected. Each
time bin corresponds to a typical spatial resolution of a few meters depending on the sampling rate of
the TR used. For instance, the 20 MHz sampling rate corresponds to a 7.5 m spatial resolution. Because
the corresponding high time resolution is not meaningful, lidar signals are normally averaged over
time intervals of a few seconds to minutes to reduce the amount of data that must be stored.
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Figure 3.3: Typical lidar signal acquired in the AD mode at 532 nm.

i)Photon-counting detection mode (PC): In this case, flux levels as low as a few tens of photons
per second can be measured. In the photon counting mode the level of the incident flux is such that the
cathode emits only single electrons. The individual anode charges due to single photons are integrated
to produce proportional voltage pulses, which are passed through a discriminator to a pulse counter,
the output of which over a pre-set time period is a measure of the incident flux. To obtain a satisfactory
signal-to-noise ratio (SNR) of the lidar signal in the photon counting mode, a sufficiently large number
of laser shots should be obtained (normally more than 1000). Photomultipliers (PMTSs) in the PC mode
are typically used in Raman lidar systems to detect signals in the UV-VIS spectral range. High quantum
efficiency and low noise characteristics are required. However, the intensity of near-field signal can
easily exceed the maximum counting rate of PC, which results in saturation of photon counting rate.
In that case, nonlinear error introduced from pulse pile-up appears.

Altitude AGL (m)

Figure 3.4: Typical lidar signal acquired in the PC mode at 532 nm.

iii) Gluing lidar signals: Although both the aforementioned methods can be used separately, the
combination (gluing) of both techniques gives the advantage of generating one single lidar signal with
a high linearity due to the AD conversion for high light-level signals (especially in the near range) and
a high sensitivity due to the PC mode for low light-level signals (in the far range). Existing gluing
algorithms solve the fitting coefficients by matching both AD and PC data over a predefined spatial
range (or equivalently, over a predefined upper and lower counting rate) depending on the type of the
photodetector (usually a PMT) used (D’Amico, 2016).
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Figure 3.5: Gluing AD and PC signals within a specific height range (in meters).
3.1.5 Different atmospheric lidar types

As we have already mentioned, lidars are active optical remote sensing instruments with unique
capabilities for atmospheric sounding. We will, now, shortly, focus on the most important atmospheric
lidar techniques (cf. Table 3.1).

Table 3.1: Lidar types assosiated with various physical processes and the main atmospheric parameters retrieved.

Physical Process

Lidar type

Atmospheric parameter

Elastic backscatter from
aerosols and clouds (Mie)

Elastic backscatter from
molecules (Rayleigh)

Absorption by atoms and
molecules

Absorption by atoms and
molecules

Scattering due to vibration
and rotation of molecules

Scattering due to rotation of
molecules

Fluorescence

Change in frequency due to
Doppler effect (molecules
and clouds)
Depolarization of light
(aerosols and clouds)

Backscatter lidar

Rayleigh lidar

Differential-Absorption
lidar (DIAL)

Raman Lidar

Vibrational Raman lidar

Rotational Raman lidar

High-atmosphere
Fluorescence lidar

Doppler lidar

Depolarization lidar

Aerosols and clouds
(geometrical and optical
properties)
Atmospheric density,
stratospheric temperature

Gaseous pollutants, ozone,
water vapor

Ozone

Water vapor, aerosols,
clouds

Aerosols, clouds,
temperature in troposphere
and low stratosphere
Fluorescence from atoms of
metals, wind and temperature

Wind

Non-sphericity and shape

3.2 Lidar instrumentation

The following section provides information on the instrumentation and the measurement
techniques used to retrieve the vertical profiles of the aerosol physical, optical and microphysical
properties. Special emphasis will be given to the lidar systems used to detect the mineral dust events
observed over south European region. These measurements have den performed in the frame of the
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European Aerosol Research Lidar Network (EARLINET) and other national/international research
programs.

3.2.1 The European Aerosol Research Lidar Network (EARLINET)

EARLINET was established on May 2000 as a research project with the goal of creating a
quantitative, comprehensive, and statistically significant database of the horizontal, vertical, and
temporal distribution of aerosols on a continental scale. Since then, EARLINET has continued to
provide the most extensive collection of ground-based data for the aerosol vertical distribution over
Europe. It is undoubted that the aerosol vertical profiling in the atmosphere is particularly important
and that lidar technique is the most appropriate tool for providing this information. For this purpose,
long-term multiwavelength B, and o,.. Vertical profiles are available from EARLINET
(https://wwwe.earlinet.org/) through an easily accessible database, covering the European continent.

We have to mention here that the EARLINET data must meet stringent stability and absolute
accuracy standards in order to achieve the desired confidence level when used for aerosol radiative
forcing needs; thus, the network has developed a rigorous quality assurance program addressing both
instrument performance and evaluation of the algorithms. For the full harmonization of the data
analysis and the data traceability, the EARLINET Single Calculus Chain (SCC), a tool for the
automatic analysis of lidar measurements, has been developed (cf. Sect. 4.1) At present, 31 active
stations distributed over Europe are part of this network (Fig. 3.6). Most of the lidar systems have been
developed and run by research institutions.
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Figure 3.6: Map of the distribution of the EARLINET stations over EUROPE (last update: 06/12/2019,
https://www.earlinet.org/).

The EARLINET institutional members are obliged to follow the rules as defined in the
EARLINET constitution. This includes (among others) the performance of regular lidar measurements
and standard quality assessment checks. Specifically, the EARLINET measurements are conducted
three-times per week during preselected days (one daytime measurement and two night measurements
per week) and during important special aerosol events like Saharan dust, forest fire smoke, volcanic
events, photochemical smog episodes and also during CALIPSO overpasses (https://www-
calipso.larc.nasa.gov/; Mattis et al., 2007; Pappalardo et al., 2010).

3.2.2 The Laser Remote Sensing Unit (LRSU) of the National Technical University of
Athens (NTUA)

The Laser Remote Sensing Unit (LRSU) belongs to the Laboratory of Optoelectronics, Laser
and their Applications” both at the Physics Department of the National Technical University of Athens
(NTUA), Athens, Greece (37.96° N, -23.78° E, elev. 212 m a.s.l.). The mission of LRSU is to perform
high-rated research on various topics of environmental sciences, such as Laser Remote Sensing of the
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Atmosphere, Atmospheric Physics and Air Pollution, environmental Physics and Global Climate
Change. Among others, LRSU is a founding member of EARLINET.

LRSU is equipped with i) an advanced six-wavelength elastic-Raman lidar system EOLE
(aErosol and Ozone Lidar systEm) and ii) one aerosol depolarization system (DEPOLE) both members
of EARLINET. Moreover, the EOLE system has been quality checked through two intercomparison
campaigns, the latter of which was in 2016 against the EARLINET reference lidar system MUSA in
the frame of the ATHens Lidar Intercomparison campaign (ATHLI16, Amodeo et al., 2018). MUSA
stands for MUItiwavelength lidar System for Aerosol measurements, the lidar system operated by
CNR-IMAA in Potenza, Italy.

3.2.3 The EOLE lidar system of NTUA

The EOLE lidar system is able to perform independent and simultaneous measurements of the
vertical profiles of the aerosol backscatter £ (at 355, 532, and 1064 nm) and extinction coefficient «
(at 355 and 532 nm) with the use of the vibrational-Raman channels at 387 and 607 nm. Additionally,
the mixing ratio of the water vapour (WVMR) is retrieved in the troposphere using the H.O Raman
channel at 407 nm. EOLE’s laser source is a pulsed Nd:YAG laser system which emits,
simultaneously, high energy pulses at 354.93, 532.0, and 1064.2 nm, with energies of 240, 310 and
260 mJ, respectively at 10 Hz repetition frequency. The system is designed following the optical setup
of a typical EARLINET (European Aerosol Research Lidar Network) lidar system (Papayannis et al.,
2020), and, as already mentioned, it meets all the quality assurance requirements of
EARLINET(Amodeo et al. 2018).

The laser beam containing all three wavelengths is expanded by a Beam Expander Unit (BE)
designed to provide a factory-set expansion of the laser beam to obtain a magnification factor (MF) of
3 (MF=3) and a reduction of the laser beam divergence by a factor equal to MF before being emitted,
vertically, in the atmosphere. A 300 mm diameter Cassegrainian telescope (focal length =600 mm,
FOV=1.5 mrad) collects all elastically backscattered lidar signals (354.93, 532 and 1064.2 nm), as
well as those generated by the spontaneous Raman effect (by atmospheric N at 386.6 and 607.4 nm
and by H>O at 407.5 nm). At the entrance of the telescope a high-grade fused silica optical fiber
(N.A.=0.22+0.02 and 1.5 mm core diameter) is used to transfer the lidar signals to the 6-wavelength
spectrometer, which is equipped with achromatic collimating lenses, dichroic beam splitters, as well
as doublets, eye pieces and interference filters (IFF) placed in front of the detectors (PMTs at 354.93-
386.6-407.5-532-607.4 nm and APD -Avalanche Photo-Diode- at 1064.2 nm) (Kokkalis et al., 2012).

All optical components of the 6-wavelength spectrometer are mounted on micrometric
positioners and rotators, fixed on an anti-vibrating optical table; therefore, they can be placed at an
optimal position. The choice of the optical components, as well as their optimal position has been
identified through advanced ray-tracing code (Zemax), by simulating the projection of the laser beam
down to the PMTSs’ photocathodes (Kokkalis et al., 2012). Narrowband IFFs are used to suppress the
atmospheric background noise at the detected wavelengths (354.93-386.6-407.5-532-607.4-1064.2
nm). In Table 3.2 the technical characteristics of the receiving system of EOLE are summarized.

The PMTs and APD output signals, are fed into fast transient recorders (Licel GmbH) working
in both the analog (using 20 MHz ADCs-12-bits) and photon counting (250 MHz count rates) mode,
at 8196 range bins. The 12-bit AD conversion system can store up to 4000 signal records of 8196-
range bins each. However, in the case of a single acquisition only 1000 lidar returns were averaged,
corresponding to a time resolution of 1.66 mins and a spatial resolution of 7.5 m. EOLE’s overlap
distance is of ~600 m above ground with a systems’ elevation of 212 m a.s.l. The lidar signals are pre-
processed and corrected for the electronic and atmospheric background noise (Sect. 3.3), prior to the
retrieval of the RCS given in arbitrary units (a.u.).
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Figure 3.7: The EOLE lidar setup of NTUA.

In frame of the project “PANhellenic infrastructure for Atmospheric Composition and climatE
change” (PANACEA, MIS 5021516) which is implemented under the Action “Reinforcement of the
Research and Innovation Infrastructure”, the EOLE lidar will be updated in order to be more automated
adding also a sky camera for continuous cloud monitoring. The PANACEA project is funded by the
Operational Programme "Competitiveness, Entrepreneurship and Innovation™ (NSRF 2014-2020) and
co-financed by Greece and the European Union (European Regional Development Fund)
(https://panacea-ri.gr).

Table 3.2: Technical characteristics of the optical components of the wavelength separation system of EOLE.

TECHNICAL CHARACTERISTICS OF EOLE
Optical Channels
components 354.9 nm 386.6 nm 407.5 nm 532 nm 607.4 nm 1064.2 nm
IFF bandwidth
(o, FWHM) 1.08 0.84 05 05 1.06 0.97
Transmission (%) 47.5 77.4 51 45 78.7 45.7
Out of band
blocking (>0D) 6 8 10 4 6 4
Detector model- | 71000 03 R7400U-P06  R7400U-02 R7400-P02 R7400U-20  Si-APD-1.5
Hamamatsu
Eye-piece YES YES YES YES YES YES

3.2.4 The DEPOLE lidar of NTUA

The depolarization lidar technique consists of two receiving channels which detect the
backscatter light of a linearly polarized laser beam: the backscatter beam contains two components:
the perpendicular to the emitted laser beam and the parallel one. The detection of the two components
allows the discrimination between different particle types in the atmosphere. At LRSU a second
ND:YAG laser is used emitting a vertically polarized beam at 355 nm (> 99%), while an additional
telescope (200 mm diameter, Dall-Kirkham Cassegrainian with focal length f=1000 mm) collects the
elastically backscattered lidar signals at 355 nm at 2 the polarization planes (parallel and vertical)
which are then optically separated by a polarizing beamsplitter cube (PBC) (Papayannis et al., 2020).
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Figure 3.8: The DEPOLE lidar setup of NTUA

In frame of the PANACEA project an extra detection channel will be added to detect the vertical
and parallel polarized lidar signals at 532 nm providing the vertical aerosol linear depolarization ratio
at this wavelength.

3.2.5 AIAS mobile depolarization system

A van-mounted 532 nm elastic depolarization lidar (AIAS) is also available at LRSU, to provide
the vertical aerosol linear depolarization ratio at 532 nm in the troposphere, thus estimating the
sphericity of the probed aerosols. AIAS is based on a pulsed Nd:YAG laser system (Litron Nano SG
150-10 Series) which emits pulses at 532 nm, with energies of 95 mJ at 10 Hz. The laser beam at 532
nm is vertically polarized (>99%) using a A/2 waveplate and expanded by a Galilean telescope (x4),
before being emitted in the atmosphere (beam divergence <0.4 mrad). A 200 mm diameter Dall-
Kirkham Cassegrainian telescope (focal length f=1000 mm) collects the elastically backscattered lidar
signals at 532 nm (at 2 polarization planes: parallel and vertical). A secondary mirror is used to guide
the backscattered light to the wavelength separation unit which is equipped with collimating lenses,
dichroic beam splitters a polarizing cube, as well as doublets and very narrow IFF (0.6 nm at FWHM)
placed in front of the detectors (PMTs). A PBC mounted in a rotating base, is used to separate the co-
polarized and de-polarized light at 532 nm, and to calibrate the lidar signals.

Figure 3.9: The van-mounted 532 nm depolarization AIAS mobile lidar system.
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In frame of the PANACEA project an extra detection channel will be added to detect the vertical
and parallel polarized lidar signals at 1064 nm providing the vertical aerosol linear depolarization ratio
at this wavelength.

3.3 Lidar data pre-processing steps

The lidar data pre-processing is performed on the so-called raw lidar signals. The following
measurements and corrections are part of the data pre-processing and are necessary to be performed
before retrieving the aerosol optical properties. They refer not only to the system itself and its
electronic parts, but also to the atmospheric contribution.

3.3.1 Electronic noise correction-Dark measurements

Electronic signal background results from electronic effects (noise) of the signal detection and
the data acquisition unit. Part of this noise is removed from the useful signal after subtraction of the
so-called zero/dark measurements. A dark measurement is a normal measurement with sufficient time
averaging, but with a fully covered telescope or with covered detectors. This signal shows all stray
pick-ups and signal distortions which do not stem from the atmospheric backscatter, but only from the
lidar system itself (e.g. laser flash-lamp pulse pick-ups, or system trigger pick-ups). All lidar system
parameters (e.g. detector high voltage, must be set at the same value as for all normal measurements.

3.3.2 Trigger delay correction

The trigger delay is the time delay occurring between the start of the emitted lase pulse and the
time in which the acquisition system starts to detect the lidar signal. This effect can cause critical errors
in the near-range signal up to about 1 km range. Especially the Raman signals can be distorted
dramatically, because the signal slope in the near range changes very much when the trigger delay for
the range correction is varied. Therefore, the so-called trigger delay has to be measured.

3.3.3 Atmospheric background correction

When retrieving lidar profiles, it is necessary to take extra precautions to carefully remove not
only outliers, spikes, and electronic contamination from each profile in the signal useful regions, but
also in the background (very far) region. Any contamination of the signal in the background region
has the same order of magnitude as the true signal and, thus, produces a disproportionate effect on the
lidar profile. The atmospheric background noise including sunlight and cosmic noise is not range-
dependent. Thus, it should be determined at the very far range of the lidar profile, where the transmitted
laser beam has been totally attenuated and hence only atmospheric background and cosmic noise might
be present.

3.3.4 Dead time correction

One of the main hardware limitations of the PC mode is that this acquisition mode presents a
dead time, which means that there is a period of insensitivity after a photon detection during which
arriving photons cannot be registered. The relationship between the true number of photons N” and the

observed ones N, from a single photon pulse is: N’ = where 15 is the sampling time and tq IS

1-N4°
Ts

the dead time. At short ranges, where the backscatter lidar signal is strong, the number of uncounted
photons is significant and can lead the system to saturation. Therefore, in this case, the number of the
true photons has to be calculated.

3.3.5 Depolarization calibration (+ 45°)

In a polarization lidar system, the two polarization components are separated in the receiver by
means of a PBC. However, this separation is not perfect. Furthermore, the PBC might be misaligned
with respect to the polarization plane of the emitted laser beam and the sensitivity for each channel can
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be different (for example different filters and different High Voltages at the PMTs). Thus, the
polarization system needs a careful calibration and the accurate measurements of the depolarization
ratios strongly depend on the exact calculation of the system calibration constants including the
calibration factor V* (Freudenthaler et al., 2009). This parameter includes the effects of different
responsiveness for the two detection modules which are part of the depolarization channels but also
the crosstalk of the PBC module and optics diattenuation after the calibrator. A reliable solution for
calibrating the depolarization measurements is represented by the +45° calibration techniques. This
calibration implements a 45° rotation of the depolarization analyzer (PBC and the PMTSs) with respect
to the polarization plane of the laser in order to equalize the light intensity in the cross and parallel
channels. When comparing the calibration signals, the ratio between the transmitted and reflected
signals reflects the contribution of optics and electronics in the lidar receiving unit. Further details are
provided in Freudenthaler et al. (2009).

3.4 Lidar data products

After the lidar signal pre-processing has been performed, the lidar signals can be directly used
for the retrieving of the vertical profiles of the aerosol optical properties. A detailed analysis of the
intensive and extensive aerosol properties will provide useful information about the aerosol
characteristics. The available aerosol optical properties, also known as lidar products, will be presented
below.

3.4.1 Extensive and intensive aerosol optical properties of EOLE and DEPOLE lidar
systems

The extensive aerosol properties (aaer, Baer, ov) are proportional to the amount of aerosol present
in the atmosphere while the intensive aerosol properties (LR, AE,, dp, AOD) indicate the characteristics
of the aerosols:

o Aerosol Backscatter coefficient (Saer): calculated from the elastic channels (355-532-1064 nm)
by using the Fernald-Klett algorithm (Klett, 1981).

o Aerosol Extinction coefficient (aaer): the aerosol extinction coefficient at 355 and 532 nm,
retrieved from the Raman signals at 387 and 607 nm, by using the Raman algorithm
(Papayannis et al., 1990; Ansmann et al., 1992).

o Lidar ratio (LR): the extinction-to-backscatter ratio which is a proxy of the aerosols’ absorption
characteristics and size,

LR(A,7) = Z—gr; (3.8)

o Angstrom exponent (AE,): the wavelength dependence of the aerosol scattering intensity can
be approximated by a power law (Angstrom, 1929),

a4, 1) = a(Ao, T)(A/A9) "% (3.9)

where g (A, r) is the aerosol scattering coefficient at a given reference wavelength Aq, and AE,
is the dimensionless Angstrém exponent. This exponent corresponds to the slope of a double-
logarithmic plot of a(4,) versus A and is calculated according to equation (3.9):

(o}
tog (M7 /g, )
A
1/1

The wavelength dependent Angstrdm exponent pairs of scattering that suggests the particle
size, namely, the backscatter and extinction related Angstrdom exponents are: AE ;x5 /5325

AE(A[25,1) = — (3.10)

2

AEg3s55/532 and AEgss; /1064
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For nighttime measurements, the Raman technique is applied as proposed by Papayannis et al.,
(1990) and Ansmann et al. (1992) to retrieve the Bpar and apar Vertical profiles, with systematic
uncertainties of ~5-15% and ~10-25% respectively (Ansmann et al., 1992; Mattis et al., 2002).
Therefore, the corresponding systematic uncertainty of the retrieved lidar ratio values is of
order ~11-30%, while the mean uncertainty for AEg and AE, ranges between 0.02-0.04 and
0.03-0.08, respectively, as estimated by propagation error calculations.

o Water vapor mixing ratio profile WVMR: is based on the simultaneous detection of the 355 nm
Raman shifted laser beam by the atmospheric nitrogen N2 (at 387 nm) and water vapor H20 (at
407 nm). The Raman lidar technique has been widely used to provide the vertical profiles of
WVMR (in g of H>O/kg of dry air), in the troposphere.

o Linear volume depolarization ratio dv: is defined as the ratio of the total cross—polarized to the

total parallel-polarized backscattered coefficient: §,, = hL By e P,

o Linear particle depolarization ratio Jp: 0 is defined as the ratio of the perpendicular
polarization component to the parallel component of aerosol (without molecular part)

. _ Bf _ (1+8)8,R—(1+68,)8m
seattering: 6 = Bﬁ’ T (1+8m)R-(1+6y)

from the total lidar signal P (Freudenthaler et al., 2009).

o Aerosol optical depth (AOD): represents the aerosol load in an atmospheric path and is a
measure of the total aerosol extinction (Liou, 2002). AOD is commonly used as an estimate of
the amount of aerosol particles in the atmosphere, although it also depends on the optical
properties of the aerosol. In the lidar technique, this parameter can be calculated by integrating
the extinction coefficient profile from the surface up to the maximum possible measurement

height range: AOD = [ a(r")dr".

, where the backscatter ratio R can be retrieved

3.5 Data from other EARLINET stations

In our analysis of typical Saharan dust intrusions in the Mediterranean, except Athens (Greece),
three other EARLINET stations were selected (listed from West to East): Granada (Spain), Potenza
(Italy) and Limassol (Cyprus), for a four year (2014-2017) common period of aerosol depolarization
Raman lidar data obtained at 532 nm. Table 3.3 summarizes the basic information about these lidar
systems for each location. Except the Limassol station which provides data only at 532 nm, the three
remaining stations are equipped with a depolarization Raman-lidar system able to provide extensive
aerosol properties, namely three Baer (355, 532, 1064 nm) and two oer (355, 532 nm) as well as aerosol
intensive properties namely the backscatter and extinction related Angstrém exponents (AE 355 /5321
AEgss5/532, AEgs3z2/1064 NM), the lidar ratio (LR), and additionally the linear volume (6,s3,) and

particle depolarization ratio (6,s32) at 532 nm.
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Table 3.3: Station name, location, lidar setup and relevant references of the four selected EARLINET stations.

Station Abbreviation Location Lidar setup References
Andalusian Institute for Earth IISTA-CEAMA,  37.16° N. -3.61° E, MULHACEN Guerrero-
System Research, University of Gr elev. 680 m 36+ 2a + 6ps32 Rascado et al.,
Granada, Spain ' Overlap: 500 m a.g.l. 2008

Consiglio Nazionale delleRicerche — 40.60° N, 15.72° E, MUSA

Istituto di Metodologie per g(')\'R"MAA’ elev. 760 m 3B + 2a + 8ps32 Overlap: 2’(‘)&1(’10””5‘ etal,

I'AnalisiAmbientale, Potenza, Italy 405 ma.g.l.

e yor  LRSUNTUA arownzazwe, SOUTAAS L e,
y At elev. 212 m p532 © 2020

Athens, Athens, Greece 800 ma.g.l.

Polarisation Raman lidar, . .
16 + 1a + 8, (532 nm) yo'i%“tz' etal.,
Overlap: 250 m a.g.l.

Cyprus University of Technology, CUT, 34.67° N, 33.04°E,
Limassol, Cyprus Lm elev. 10 m

3.6 The AErosol RObotic NETwork (AERONET)

The AErosol RObotic NETwork (AERONET, https://aeronet.gsfc.nasa.gov/, Holben et al.,
1998) runs Sun/sky photometers (CIMEL) for direct sun and sky radiation measurements at hundreds
of sites. For more than 25 years, the project has provided long-term, a continuous and readily accessible
public domain database of aerosol optical, microphysical and radiative properties for aerosol research
and characterization, validation of satellite retrievals, and synergism with other databases. The network
imposes  standardization  of instruments, calibration, processing and data  distribution.  These
photometers perform direct solar irradiance measurements at 340, 380, 440, 500, 675, 870, 940 and
1020 nm and diffuse sky radiance at 440, 675, 870 and 1020 nm. The uncertainty of the aerosol size
distribution retrieved by the sky radiance measurements is based on the calibration uncertainty of each
wavelength, which is assumed to be <+ 5%. More details can be found in Dubovik and King (2000)
and Dubovik et al. (2006).

Figure 3.10: Left: Global distribution of AERONET stations, Right: Typical AERONET station with sun photometer.
(https://aeronet.gsfc.nasa.gov/)

Thus, the AERONET collaboration provides globally distributed observations of spectral aerosol
optical depth (AOD), inversion products, and precipitable water in diverse aerosol regimes. The
processing algorithms have evolved from version 1.0 to version 2.0 and now version 3.0. Version 3
AOD data are computed for three data quality levels: Level 1.0 (unscreened), Level 1.5 (cloud-
screened and quality controlled), and Level 2.0 (quality-assured). Inversions, precipitable water, and
other AOD-dependent products are derived from these levels and may implement additional quality
checks.

The AERONET sites to be considered in this study are located in Granada, Potenza Athens and
Limassol, for the cases that were common in the EARLINET and AERONET database during the
period 2014-2017 [Granada (37.164° N, 3.605° W), IMAA_Potenza (40.601°N, 15.724°E), ATHENS-
NOA (37.972°N, 23.718°E) and CUT-TEPAK ( 34.675°N, 33.043°E)] . The available AERONET
level 2.0 version 3 inversion products for the aforementioned sites were used under mineral dust
transfer conditions over these sites.
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Chapter 4: Tools and Modelling

In this chapter we will shortly present and describe the tools and models synergistically used
with the lidar measurements for this study. By combining remote sensing measurements and other
tools, a comprehensive and deep analysis can be performed covering all the aspects of a long-range
transported event. Moreover, the benefits of aerosol lidar measurements can be highlighted by using
them for calibration dust verification of various dust models.

4.1 The Single Calculus Chain (SCC)

The EARLINET Single Calculus Chain (SCC) is a tool for the automatic analysis of aerosol lidar
measurements. The development of this tool started in the framework of EARLINET-ASQOS (European
Aerosol Research Lidar Network — Advanced Sustainable Observation System); it was extended and
is continuing under the ACTRIS (Aerosol, Clouds and Trace gases Research InfraStructure Network)
umbrella. The main aim of SCC is to provide a data processing chain that allows all EARLINET
stations to retrieve, in a fully automatic way, the aerosol backscatter and extinction profiles starting
from the raw lidar data of the lidar systems they operate. A general overview of the SCC is provided
by D’Amico et al. (2015; 2016). All input parameters needed to perform the lidar analysis are stored
in a database to keep track of all changes which may occur for any EARLINET lidar system over the
time, assuring the traceability of the data. The end user can interact with the SCC via a user-friendly
web interface (https://scc.imaa.cnr.it/). All SCC modules are developed using open-source and freely
available software packages.

The structure of the SCC server is briefly presented in Fig. 4.1. The typical SCC analysis scheme
comprises two steps: the pre-processing of raw data with EARLINET Lidar Pre-Processor (ELPP) and
the subsequent optical processing of the pre-processed lidar data with EARLINET Lidar Data Analyzer
(ELDA). By pre-processing we mean the set of operations, which must be applied to the raw lidar data
before they can be processed by ELDA. Each single lidar system can be linked to several lidar
configurations, which describe different lidar setups with specialized measurement capabilities (for
example daytime or nighttime conditions).

SCC server

SCC intermediate files
SCC input files SCC output files
l SCC intermediate files

]

ELPP ELDA [+

| I

Daemon

I

— Database — Storage

I

Web interface

SCC input files

Raw data provider

Figure 4.1: Block structure of the Single Calculus Chain (D’Amico, 2015).
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The high-quality of the SCC products is proven by the good agreement between the SCC
analysis, and the corresponding independent manual retrievals. The ability of the SCC to provide high-
quality aerosol optical products is demonstrated for an EARLINET intense observation period. The
current SCC version is the v.5.1.1, while all SCC products are compatible with Panoply
(https://www.qgiss.nasa.gov/tools/panoply/) and an open Quicklook web interface is available
(https://quicklooks.earlinet.org).

4.2 The Spheroidal Inversion eXperiments (SphinX) tool

The Spheroidal Inversion eXperiments (SphinX) software tool has been developed at the
University of Potsdam (Samaras, 2016) within the Initial Training for atmospheric Remote Sensing
(ITaRS) project (2012-2016). This software provides an automated process to carry out calculations
from lidar data to obtain the aerosol microphysical properties and further to statistically evaluate the
inversion outcomes. SphinX software was created to handle non-spherical particles using a two-
dimensional (2D) generalization of the Mie model and considering the spheroid-particle
approximation. A spheroid is geometrically obtained from a revolution of an ellipse about one of its
principle axes. Denoting the semi-minor axis with n and the semi-major axis with b, the aspect ratio
(a = n/b) can characterize three possible particle shapes: oblate (a < 1), sphere (a = 1), prolate
(a > 1). Particle distributions are the main products of the regularized inversion but here depend not
only on size (r) but also on shape (a), which is the reason they are referred to as shape-size distributions.
There are several common microphysical parameters (redefined to suit the advanced model) and other
new shape parameters introduced in SphinX, which can be calculated by knowing the volume shape-
size distribution. For this study we will restrict to the following parameters:
the total volume concentration: u, = f;r’;‘:‘ f:r:i" u(r,a)drda [um3cm™?] (4.1)

the surface-area concentration a, = [“™* [™* > G (r, a)u(r, a)drda [um?cm™] (4.2)

Amin YTmin 773

where the function G(r,a) denotes the spheroidal geometrical cross section of the particle, which can
be explicitly computed as follows:

2
21 [nz + %tanh‘l(e)],where e=+1-b2/n?2, ifa<1,

G(r,a) = { 4nr?, ifa=1, (4.3)
21 [nz + n;sinh‘l(e)] ,wheree = /1 —n2/b2, ifa > 1.
the effective radius rog = 3 't m 4.4
a, LK
. . Jomex [ u(r, a)dr da
the effective aspect ratio a ¢y = ~“min “'min u, (4.5)
a r
o " (a — aprr)? [ u(r,a)drda
the aspect ratio width a,,;jq¢n = famm eI frmm U (4.6)

Note that r here plays the role of a radius of a fictitious spherical particle with equal volume to the
actual spheroidal one.

The software package consists of three (main) Graphical User Interfaces (GUI), serving different
purposes:

SphinX Configurator: where all initial calculation parameters for the inversion are set [e.g. size
distribution characteristics, lidar setup, mathematical parameter settings (methods, splines, interval
partitions and simulation configurations)]. There is also the possibility of loading netcdf or ascii files
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with the optical parameters from measurement cases. This GUI communicates all initializations to
SphinX Main either directly or through user-stored configuration files.

SphinX Main: an independent GUI where the inversion takes place. This GUI is responsible for
the retrieval of the resulting microphysical parameters, including visualizations (either real-time or on
demand) of the shape-size distribution and the solution space. Owing to the structure of this gui with
several mathematical parameters (e.g. regularization parameters), and illustrations of solution spaces,
distributions and tabularized retrieval outcomes, here, occur all preliminary tests which are vital for
the main runs. This gui communicates all inversion products to SphinX MPP either directly or through
user-stored configuration files.

SphinX MPP: an independent GUI where all microphysical parameters are shown both
individually and briefly in Tables with an error analysis, regarding accuracy (in case of simulations)
and solution uncertainties. This GUI focuses mainly on an a posteriori filtering and analysis of the
inversion results.

4] SphinX configurator 4 Optical Profiles case11082017.bxt BN
File Mode Help J Profile panel 7000
Measurement case S E—— ext 355: 6.280e-05 +1.083e-05 ‘
Open profiles
_| Paramelers‘ Methods —
P— i [
Altitude range 6000 ~
P — 2200 5000 —
Load netcdf/ ascii file Setup "“\R
Average type Plot 5000 RN
Type Wave\engthl 5T ° ™~
1 |Extinction 355 Y| mean i ?
2 |Backscatter direct-polarization 355 ,_\i\-“*
3 |Backscatter cross-polarization 355 MEET et 4000 - J
— S—
4 |Extinction 532 clear ™
5 |Backscatter direct-polarization h32 S
6 |Backscatter cross-polarization 532 Profiles 3000 - o
> (
7 |Extinction 1064 —
bsca | 355 =
§ |Backscatter direct-polarization 1064 bsca L 355 —
9 |Backscatter cross-polarization 1064 ext 532 2000 - \’
bsca | 532 7
bsca L 532 T
number of datasets 1 plot distribution bsca | 1064
bsca L 1084 . .
bsca total 355 1000
peca otal 532 35 4 45 5 55 & 65 T 75 8
B bsca total 1064 -5
<10
2 |\ depol 255 =
depol 532
depol 1064 - oK CANCEL

Figure 4.2: SphinX configurator.

SphinX operates with expendable pre-calculated discretization databases based on spline
collocation and on look-up tables of scattering efficiencies using T-matrix theory (Rother and Kahnert,
2009). This is to avoid the computational cost which would otherwise limit the microphysical retrieval
to an impractical point. When no information on the linear particle depolarization ratio (daer) IS given
(usual setup “3Baer + 20,0 "), the software runs using Mie theory. The inversion is done by
regularization combined with a parameter choice rule. The following combinations are available:

e Truncated singular value decomposition (TSVD) with the discrepancy principle (DP),

e Tikhonov regularization with the L-curve method (LC),

e Padé iteration with the discrepancy principle,

e Tikhonov regularization with the generalized cross validation method (GCV),
e Tikhonov regularization with the discrepancy principle, and

e Pad¢ iteration with the L-curve

Details on the widely used methods TSVD and Tikhonov and the parameter choice rules DP, LC
and GCV can be found in most books about regularization (for instance Hansen, 2010). Padé iteration,
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in this context, is part of the so-called generalized Runge-Kutta regularization methods (cf. Bockmann
and Kirsche, 2006).

The aerosol optical data profiles obtained from hourly-averaged vertical profiles of the aerosol
optical properties retrieved from Raman lidar observations were used as inputs for our microphysical
inversions. This was done by specifying certain layers of interest and then averaging to produce the 6-
point dataset of the so-called 3f,¢, + 2a,4er + 18,46, S€tUP. These thin layers were selected in heights
above the atmospheric boundary layer, where the LR and AE values were varying slowly showing
homogeneity inside the plumes. The next step was to determine the initial parameters for the retrieval
using physical knowledge and/or inversion stability tests.

Such preliminary numerical tests revealed an overall superior behaviour of the method Padé-DP
as compared to the other built-in methods. This motivated us to choose the Padé iterative regularization
method (Bockmann and Kirsche, 2006) for our measurement cases, in particular with a fixed number
of 30 iterations. Moreover, a strong tendency to shape-bimodality led us to use 6 - 8 spline points and
the spline degrees 2—4 among the maximum available ranges of 3-20 and 2-6 respectively. The CRI is
fed to the software separately for the real and imaginary parts which then constitutes a grid combining
the following default values: Real part (RRI) [1.33,1.4,1.5,1.6,1.7,1.8] and Imaginary part (IRI)
[0,0.001,0.005,0.01,0.03,0.05,0.1].

Ideally, this grid can be further confined either when there is sufficient knowledge on aerosol
composition (or the exact CRI) and/or through numerical tests which indicate unstable or relatively
improbable solutions. For our study the CRI grid was narrowed down to (RRI [1.4,1.5], IRI
[0,0.001,0.005, 0.01]). Extreme absorption (RRI=0.05 or 0.03) was ruled out mostly for the following
reasons.

First, it is expected to manifest itself much less often for dust particles. According to some reports
on literature, such values can be found, for instance, directly on dust site (see e.g. Wagner et al., 2012)
or when the dust concentration is lower so that a soot-type absorber prevails (see e.g. Schladitz et al.,
2009). Therefore, while not improbable we consider those cases much less encountered and not
relevant to the presented cases.

Second, preliminary runs with higher IRI and/or lower RRI have shown that the resulted shape-
size distributions are less easily reconcilable physically, suggesting smoother representations and
having undesired systematic behaviour. This is indeed an inherent issue of the inversion process since
high IRI values and/or low RRI values are known to smooth out the involved scattering cross sections,
see e.g. (Samaras, 2016; Rother and Kahnert, 2009) and lead to more severely ill-posed problems.
Thus, the risk to compromise further the retrieval combined with the relatively small likelihood of high
absorption outweighs the benefit here. Higher RRI values impose only a minute variation to the results
according to preliminary runs and thus excluded too.

The determination of the CRI grid is known to have a severe impact even for less complicated
schemes based on Mie theory and it is apparently applicable here since we add an additional dimension
(shape information) and simultaneously we restrict to coarser radius- and aspect ratio ranges. However,
massive simulations performed by Samaras (2016) for different atmospheric scenarios showed that
microphysical retrievals with an initially known CRI keep high accuracy and small uncertainty levels.
Furthermore, variations of the RRI have minor effects in the retrieved parameters at, uy, 7,5 and
variations of the IRI adds a relatively conservative percentage of 3-20% to the uncertainties compared
to the fixed-RI retrievals when the imposed measurement error is reasonably contained. For the
retrieval of the shape parameters, the situation is more complicated, and simulations suggest that the
quality of the results depend additionally on particle size. Detailed implications of possible variations
in shape (o), size (r), and composition (CRI) in the context of simulations exceed the scope of this
Thesis. For more details one can see Samaras (2016).
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4.3 The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model

The HYSPLIT model is a complete system for computing simple air parcel trajectories, as well
as complex transport, dispersion, chemical transformation, and deposition simulations. HYSPLIT
continues to be one of the most extensively used atmospheric transport and dispersion models in the
atmospheric sciences community. A common application is a backward trajectory analysis to
determine the origin of air masses and establish source-receptor relationships. HYSPLIT has also been
used in a variety of simulations describing the atmospheric transport, dispersion, and deposition of
pollutants and hazardous materials. The model calculation method is a hybrid between: i) the
Lagrangian approach, using a moving frame of reference for the advection and diffusion calculations
as the trajectories or air parcels move from their initial location, and ii) the Eulerian methodology,
which uses a fixed three-dimensional grid as a frame of reference to compute pollutant air
concentrations.

The model’s default configuration assumes a 3-dimensional (3D) particle distribution (horizontal
and vertical) and can be run interactively on the Web through the ARL READY system, or the code
executable and meteorological data can be downloaded to a Windows or Mac PC. The web version
has been configured with some limitations to avoid computational saturation of the ARL web server.
The registered PC version is complete with no computational restrictions, except that users must obtain
their own meteorological data files. For our analysis, the Web version of HYSPLIT was used. More
details and information can be found in Stein et al. (2015).

NOAA HYSPLIT MODEL

Backward trajectories ending at 1200 UTC 11 May 20
GDAS Meteorological Data

Source » at 38.00N 23.80E

Meters AGL

06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12
05/11 05/10 05/09 05/08

Figure 4.3: Example of Saharan dust intrusion over Athens as simulated by HYSPLIT backward trajectory model, on 11
May 2020, 18:00 UTC, at 2500, 3000 and 4000 m AGL.

4.4 The Flexible Particle Dispersion Model (FLEXPART)

The Flexible Particle Dispersion Model (FLEXPART, https://www.flexpart.eu/), is a Lagrangian
transport and dispersion model suitable for the simulation of a large range of atmospheric transport
processes. Apart from transport and turbulent diffusion, it is able to simulate dry and wet deposition,
decay, linear chemistry; it can be used in forward or backward mode, with defined sources or in a
domain-filling setting. It can be used from local to global scale. In this study, FLEXPART based on
Global Data Assimilation System (GDAS) data, was used in order to provide sensitivity (residence
time) plumes (Stohl et al., 1998b; Stohl et al., 1999; Stohl et al., 2005; Seibert and Frank, 2004).
Specifically, 7-day backward runs for releases of 40000 air parcels every 3 hours at 2000 to 4000 m
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a.s.l. were obtained by the FLEXPART model (see Sect. 4.4). Residence time (sensitivity) in grid cells
above 4000 m a.s.l. is excluded, as the grid cells that might have pollutants in that height cannot be
considered as aerosol source areas. FLEXPART takes into account not only grid scale wind (as simple
trajectory models do) but also turbulent wind fluctuations and mesoscale wind fluctuations. It also
incorporates drift correction (to prevent accumulation of computational particles released) and density
correction (to account for the decrease of air density with height). FLEXPART model can be used to
calculate with accuracy backward sensitivity plumes for periods as long as 30 days, in order to assess
the impact of remote source areas.

45 The Weather Research and Forecasting (WRF/Chem) model

The fully coupled (on-line) atmospheric numerical model Weather Research and Forecasting
(WRF/Chem, version 3.8, Grell et al., 2005) is able to simulate the chemical transformation of gaseous
and particulate pollutants along with the meteorological parameters. It also has the ability to simulate
the effect of chemistry on atmospheric processes. In the present work, WRF/Chem was used for
selected cases. The simulations are performed by applying a ‘two-way’ nesting approach: the parent
domain (D01) extends (8° N-72° N, -18° W -58° E) having a resolution of 55 x 55 km. The first nested
domain (D02) has a resolution of 18 x 18 km, the second nested covers Greece (D03) with 6 x 6 km
resolution and the innermost one (D04) covers mainly the GAA area with 2 x 2 km resolution. The
atmosphere is divided into 40 full vertical sigma levels; the first level is placed at approximately 10 m
above ground level, while the isobar of 50 hPa comprises the simulated top of the model. Input data
for the initial, lateral, and boundary conditions have been obtained from the National Centers for
Environmental Prediction (NCEP) operational Global Final (FNL) Analyses. Gas phase chemistry is
simulated by the RADM2 mechanism (Stockwell et al., 1990), while for the aerosols the Modal
Aerosol Dynamics Model for Europe (MADE) (Ackermann et al., 1998) for inorganic species and the
Secondary Organic Aerosol Model (SORGAM) (Schell et al., 2001) for secondary organic aerosols
are used. The global emission inventory used in the study is the EDGAR-HTAP with a horizontal grid
resolution of 0.1° x 0.1° (Janssens-Maenhout et al., 2015). The inventory covers (anthropogenic)
agriculture, energy, industry, residential and transport sectors and the reference year is 2010. The fire
emissions inventory is based on the Fire Inventory from the National Center of Atmospheric Research
(FINN), provided daily at 1 km horizontal resolution. Sea-salt and dust emissions are generated on-
line using Gocart emissions. MEGAN scheme for biogenic emissions. Both direct and indirect aerosol-
radiation-clouds interactions are considered.

4.6 The Dust Regional Atmospheric Model (BSC-DREAMS8b v2.0)

The Earth Sciences Department from the BSC-CNS maintains a dust forecast operational system
with the updated of the former Dust Regional Atmospheric Model (DREAM; Nickovic et al., 2001)
called BSC-DREAMS8b v2.0 (https://ess.bsc.es/bsc-dust-daily-forecast, Pérez et al., 2006; Basart et al.,
2012) and conducts modelling research and developments. The model is designed to simulate and/or
predict the atmospheric cycle of the eroded desert dust and was developed as a pluggable component
of the Eta/NCEP (National Centers for Environmental Prediction) model. It solves the Euler-type
partial differential nonlinear equation for dust mass continuity and it is fully inserted as one of the
governing prognosis equations in the atmospheric Eta/NCEP atmospheric model equations. Its’
configuration includes a 0.3° x 0.3° horizontal resolution (in the rotated semi-staggered Arakawa E
grid), 24 vertical levels and 72-hour daily forecasts. The meteorological fields are initialized every 24h
(at 12 UTC) with the NCEP global analysis (0.5°x0.5°) and boundary conditions are updated every 6h
with the NCEP GFS forecasts (0.5°x0.5°). Since there are not yet satisfactory three-dimensional dust
concentration observations, the initial state of dust concentration in the model is defined by the
24-hour forecast from the previous-day model run. The model at the starting day is run using “cold
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start” conditions, i.e., the zero-concentration initial state. It provides Dust forecasts for: North Africa,
Middle East and Europe, Sahara — Sahel, Spain, Canary Islands and Atlantic. For our analysis, the
Middle East and Europe domain was used. More details and information about the updated BSC-
DREAMBS8Db and the new NMMB/BSC-Dust models can be found in Basart et al. (2012) and Pérez et
al., (2011), respectively.

BSC-DREAMSb v2.0 Dust Opt. Depth 550nm and 3000m Wind BSC-DREAMSE v2.0 Total Cloud Cover
06h forecast for 18UTC 11 May 2020 06h forecast for 18UTC 11 May 2020
http:/ fwww bsc.es/projects fearthsctence | BSC—D REAM/ hitp:/ fwwwbse.es/projects learthscience | BSC—D REAM/
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Figure 4.4: Example of Saharan dust intrusion over the Mediterranean and Balkans as estimated by the BSC-DREAM
model, on 11 May 2020, 18:00 UTC. Left: Dust optical depth at 550 nm and 3000 m wind, Right: Total cloud cover.

4.7 The Library for radiative transfer (Libradtran) tool

The LibRadtran package (Mayer and Kylling, 2005) contains numerous tools to perform various
aspects of atmospheric radiative transfer calculations. It is a library of radiative transfer routines and
programs. The central program of the LibRadtran package is the radiative transfer tool uvspec that
calculates the radiation field in the Earth’s atmosphere. The structure of the uvspec model and other
details can be found in Mayer et al. (2017). The uvspec model is invoked from the command line
(similar both for UNIX-like and Windows types of operating systems):

uvspec < input file > output file

where the input file is a free format ASCII file that contains options and corresponding parameters
specified by the user. A description of the numerous options (close to 200 for version 1.0) and
respective parameters is provided in the LibRadtran User’s Guide (Mayer et al., 2017).

A unique feature of uvspec is that the user has a choice of various radiative transfer equation
solvers which are selected by the rte_solver option in the input file. This way, for the radiative transfer
problem at hand an appropriate solver may be chosen, e.g. a fast two-stream code to calculate
approximate irradiance or a discrete ordinate code to accurately simulate radiances, with or without
polarization. The uvspec model includes the following three essential parts: (1) An atmospheric shell
which converts atmospheric properties like ozone profile, surface pressure, or cloud microphysical
parameters into optical properties required as input to (2) the radiative transfer equation solver which
calculates radiances, irradiances, and actinic fluxes for the given optical properties; finally (3) post-
processing of the solver output including multiplication with the extra-terrestrial solar irradiance,
correction of Earth-Sun distance, convolution with a slit function, or integration over wavelength
(depending on the choice of the user).

The Optical Properties of Aerosol and Clouds (OPAC) database (Hess et al., 1998) is widely
used as a reference of aerosol optical properties in the solar and infrared spectral regions for the
estimation of aerosol radiative effects (e.g. Gomez-Amo et al., 2014), as well as in the inversion of
satellite observations (Kliiser et al., 2012). The aerosol optical properties are the extinction, scattering,
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and absorption coefficients, the single scattering albedo, the asymmetry parameter, and the phase
function. They are calculated on the basis of the microphysical data (size distribution and spectral
refractive index) under the assumption of spherical particles in case of aerosols and cloud droplets and
assuming hexagonal columns in case of cirrus clouds. Thus, in a new version of the database OPAC
(Koepke et al., 2015) the optical properties of the mineral particles are modelled describing the
particles as spheroids with size dependent aspect ratio distributions, but with the size distributions and
the spectral refractive indices not changed against the previous version of OPAC. Data are given for
up to 61 wavelengths between 0.25 and 40 um and up to eight values of the relative humidity. The
software package also allows calculation of derived optical properties like mass extinction coefficients
and Angstrom coefficients.

4.7.1 Applied methodology for radiative simulations

In our study, the uvspec program which calculates the radiation field in the Earth’s atmosphere
was implemented for the disort radiative transfer equation (1-D geometry). Mid-latitude conditions
(AFGL Atmospheric Constituent Profiles, 0-120 km) and a typical surface albedo value (0.16) for
urban cities were taken into account based on visual observations. The OPAC data set (Koepke et al.,
2015) was used for desert spheroids (T-matrix calculations).

A set of four simulations was carried out per case of the studied dust events. The first two
simulations refer to clear-sky atmospheres with background/baseline aerosol conditions (default
properties: rural type aerosol in the boundary layer, background aerosol above 2 km, spring-summer
conditions and a visibility of 50 km, index “clear” in Eq. 4.7), the first for the SW and the second for
LW range, since these ranges are treated separately by LibRadtran. The remaining two simulations
correspond to dust loaded atmosphere, again, the one for the SW range and the other for the LW range,
respectively, for which the vertical profiles of the dusty layers were used as additional inputs (index
“dusty” in Eq. 4.7). These inputs have been obtained by three different Schemes: A) vertical mass
concentration profiles simulated by the BCS-DREAMS8b model, B) vertical mass concentration
profiles of only the dust component (massq) as calculated from Eq. 5.2 (cf. Fig. 4.5; Sect. 5.3.1)
utilizing the Bss2 coefficient and, C) vertical profiles of as32 along with the respective mean AOTs32
value. In the final step, we calculated the parameters AF, ARF, ARFner and ARFatm applying
Eqgs. 4.7—4.10.

The flowchart in Fig. 4.5 depicts these three Schemes applied to create the input files for the
dust-loaded atmospheric conditions used in LibRadtran software package (Emde et al., 2016). Scheme
A refers to the dust mass concentration as estimated by BSC-DREAMS8b over the studied sites. In
Scheme B, only the dust vertical distribution is used as input, (based on the separation of the Ps32 into
dust and non-dust components that led to the calculation of the vertical distribution of the dust-only
mass concentration) in order to determine the Dust Radiative Forcing (DRF). On the other hand, in
Scheme C both contributions of dust and non-dust aerosols (total aser) are taken into account.
Additionally, for Scheme C conversion factors from OPAC were used in order to convert the azer and
the corresponding AOT from 532 nm to 10 um (peak, within the atmospheric window). The conversion
was based on an adaptive inversion algorithm of Shang et al. (2018) who presented a way to convert
extinction coefficients at different wavelengths by using Angstrdm exponent values derived from
AQTSs. It should be mentioned here that the Scheme B, even though it also includes many assumptions
and uncertainties in its calculations, is the only one, compared to the rest two (Schemes A and C) that
gives us the opportunity to calculate only the dust contribution in the radiative effect.

In this study 30 vertical levels have been used between ground and 120 km height with a
resolution of 0.5 km starting from the bottom of the atmosphere (BOA) to 2 km and from 5 to 10 km,
a resolution of 0.2 km from 2 km to 5 km, due to the presence of the dust layers within this height
range and additionally at the heights of 20 and 120 km, where the latter is mentioned as top of the
atmosphere (TOA). The aerosol radiative forcing (ARF) defined as the perturbation in flux in the
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atmosphere caused by the presence of the dust aerosols in relation to that calculated under clear sky
conditions, can be expressed as (Quijano et al., 2000; Sicard et al., 2014; Mishra et al., 2014):

ARF(z) = AF%SY (z) — AF©ear(z) 4.7)

where, the net flux, AF is the difference between the downwelling, and upwelling flux, F| and
F1, respectively:

AF(z2) =F l (2)—=F T (2) (4.8)

The fluxes (in W m™) are calculated separately for SW and LW radiation sources. The way the
ARF is defined, at a given altitude will be positive when the aerosols cause a heating effect, and
negative when they cause a cooling effect. The use of Eq. 4.7 assumes that the amount of the incoming
solar radiation at the TOA is equal for both cases with and without the presence of dust aerosols.
Therefore, the net ARF is expressed as:

ARFypr(z) = ARFgy (2) + ARFpy (2) (4.9

Finally, the ARF within the atmosphere can be defined as the difference between ARF at the
TOA and BOA:

ARFAtm = ARFTOA - ARFBOA (410)

All simulations were performed for three different Solar Zenith Angles (SZA), 25° 45° and 65°
covering a typical diurnal cycle for radiative forcing estimates at mid-latitudes. All cases were treated
for cloud-free conditions. Except the altitude in km (zout), the additional outputs that have been
implemented in our Schemes are: the direct horizontal irradiance (eqir), the global irradiance (egio) the
diffuse downward irradiance (edn), the diffuse upward irradiance (eup), and the heating rates (heat) in
K day, as described by Mayer et al. (2017).

Initial Data
mass(z) [ug m™] 855, [MmL sr1] 53, [Mm ]
(BSC-DREAMSb) Lidar Lidar
Inputs
Scheme A Scheme B Scheme C
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Tesche et al. (2009)
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Figure 4.5: Flowchart of the three Schemes used to retrieve simulations of irradiances using the LibRadtran software package.
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4.7.2 Radiation data set

LibRadtran irradiance outputs have been validated against reference solar irradiance
pyranometer measurements at the Earth’s surface (Kosmopoulos et al., 2018). For this study, solar
radiation data measured by pyranometers were available only for the Granada and Athens stations. The
reference solar radiation data set consists of one-minute simultaneous measurements of horizontal
global and diffuse irradiance measured with two CMP11 pyranometers, at Granada, and two CMP21,
at Athens (NOA's actinometric station in Penteli mountain). These pyranometer models, both
manufactured by Kipp & Zonen, have a black-coated thermopile acting as a sensor which is protected
against the meteorological conditions by two concentric hemi-spherical domes. They both comply with
the International Organization for Standardization (1SO) 9060 (1990) criteria for an 1SO secondary
standard pyranometer, being classified as “high quality” according to the World Meteorological
Organization (WMO) nomenclature (WMO, 2018). Additionally, the corresponding pyranometer
measuring the diffuse component was mounted on a shading device to block the direct irradiance and
prevent it from reaching the sensor.

Figure 4.6: The pyranometers for providing solar radiation data measurements (Left: total irradiance, Right: diffuse
irradiance), located at NOA's actinometric station in Penteli mountain, Attica (http://www.meteo.noa.gr/GR/iersd_station-

images_gr.htm).

In this study, the shading devices employed were a Solys2 sun tracker and a CM121 shadow
ring, at Granada and Athens respectively, both manufactured by Kipp & Zonen. For those diffuse
irradiance measurements taken using a shadow ring, the model proposed by Drummond (1956) has
been apply in order to correct for the diffuse radiation intercepted by the ring, as suggested the
manufacturer (Kipp & Zonen, 2004).

4.8 Satellite data

Moderate Resolution Imaging Spectroradiometer (MODIS) observations, a key instrument
aboard the Terra (originally known as EOS AM-1) and Aqua (originally known as EOS PM-1)
satellites (https://worldview.earthdata.nasa.gov/). Terra MODIS and Agua MODIS are viewing the
entire Earth's surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups of wavelengths
(see MODIS Technical Specifications). The MODIS instrument provides high radiometric sensitivity
(12 bit) in 36 spectral bands ranging in wavelength from 0.4 um to 14.4 pm. The responses are custom
tailored to the individual needs of the user community and provide exceptionally low out-of-band
response. Two bands are imaged at a nominal resolution of 250 m at nadir, with five bands at 500 m,
and the remaining 29 bands at 1 km. A £55-degree scanning pattern at the EOS orbit of 705 km
achieves a 2,330-km swath and provides global coverage every one to two days. The optical system
consists of a two-mirror off-axis afocal telescope, which directs energy to four refractive objective
assemblies; one for each of the VIS, NIR, SWIR/MWIR and LWIR spectral regions to cover a total
spectral range of 0.4 to 14.4 um.
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Figure 4.7: Left: MODIS true colour image, Right: Terra and Aqua MODI'S combined value of Aerosol Optical Depth on
11 May 2020.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite
provides new insight into the role that clouds and atmospheric aerosols (airborne particles) play in
regulating Earth's weather, climate, and air quality. CALIPSO combines an active lidar instrument
with passive infrared and visible imagers to probe the vertical structure and properties of thin clouds
and aerosols over the globe. CALIPSO was launched on April 28, 2006 with the cloud profiling radar
system on the CloudSat satellite. CALIPSO and CloudSat are highly complementary and together
provide new 3-D perspectives of how clouds and aerosols form, evolve, and affect weather and climate
(https://www-calipso.larc.nasa.gov/). The former is equipped with the Cloud Aerosol Lidar with
Orthogonal Polarization (CALIOP) instrument has been delivering aerosol and cloud profiles across
the globe for more than 10 years (Winker et al., 2009). CALIOP measures aerosol backscatter profiles
at 532 and 1064 nm, including parallel and perpendicular polarized components at 532 nm, at high
horizontal and vertical resolution. The data are processed to Level 2 (L2) products, providing aerosol
and cloud backscatter and extinction coefficients at 532 and 1064 nm as well as the linear particle
depolarization ratio at 532 nm (Winker et al., 2009).

Aerosol Subtype UTC: 2020-05-11 11:53:38.9 to 2020-05-11 12:07:07.6 Version: 3.40 Standard Daytime
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Figure 4.8: Example of Saharan dust intrusion over the Mediterranean and Balkans detected by CALIOP during an
overpass on 11 May 2020. Position (altitude, latitude and longitude) and type of the detected dust aerosol layers over our
region are contained within the red box.

Fire Information for Resource Management System (FIRMS), a NASA-funded application,
distributes Near Real-Time (NRT) active fire data within 3 hours of satellite observation from NASA's
Moderate Resolution Imaging Spectroradiometer (MODIS) and NASA's Visible Infrared Imaging
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Radiometer Suite (VIIRS). For this study, information for fires and thermal anomalies were taken into
account using this application (https://firms.modaps.eosdis.nasa.gov/).

MODIS/Aqua Cormrected Reflectance (true color) May 11 2020

-

Figure 4.9: FIRMS, Active fires and thermal anomalies from MODIS, AQUA, Corrected Reflectance (true color), on 11
May 2020, over Greece.

Each MODIS active fire/thermal hotspot location represents the center of a 1km pixel that is
flagged by the algorithm as containing one or more fires within the pixel. Combined (Terra and Aqua)

MODIS NRT active fire products (MCD14DL) are processed using the standard MOD14/MYD14 Fire
and Thermal Anomalies algorithm.
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Chapter 5: Results and Analysis

Chapter 5 contains a full discussion, interpretation and evaluation of the results with reference
to other literature findings. All these results have been published online: Soupiona et al., 2018;
Soupiona et al., 2019; Soupiona et al., 2020 (cf. Appendix A— Paper I, Paper 11, Paper 111). However,
results from Soupiona et al. (2018) have been updated in this Thesis, in order to additionally include
data from the year 2017.

5.1 18 years measurements of Saharan dust intrusions over Athens (2000-2017)

We present a comprehensive analysis of the seasonal variability of the vertical profiles of the
optical and geometrical properties of Saharan dust aerosols, observed in the height region between
1000 and 6000 m, over Athens, Greece, from February 2000 to December 2017. These nighttime
observations were performed by the EOLE Raman lidar system under cloud-free conditions. The
statistical analysis (referring to aerosol monthly mean values) is based on nighttime vertical Raman
measurements of range-resolved aerosol optical properties (Baer, 0aer, LR) at 355 nm (59 dust events
during more than 80 measurement hours).

5.1.1 Dust climatology: Observations versus Predictions

The schedule of the EOLE measurements during Saharan dust outbreaks (Papayannis et al.,
2005, 2009) is based on early warnings, using forecasted data, provided by the BSC-DREAMS8b model
(Basart et al., 2012), (see Sect. 4.6). The identification of the dust cases is based mainly on AOD values
derived from sun photometer data over Athens (https://aeronet.gsfc.nasa.gov) and MODIS
observations (see Sec. 4.8).

In Fig. 5.1a we present the monthly evolution of the number of dust cases observed by EOLE
(only under clear sky conditions) and predicted by BSC-DREAMSDb, for the period 2000-2017. The
maximum number of occurrence of the dust days occurs within May, in both predicted (~30 cases)
and observed cases (~16 cases), while the majority of the dust cases is observed between early spring
(March) to autumn (October). Specifically, 95% of the observed cases and 81% of the predicted ones,
fall within this period. On the other hand, a minimum occurrence appears during the winter months,
due to the prevailing north-eastern flow over Athens during this period (Kassomenos et al., 1995;
Papayannis et al., 2009; Banks et al., 2016). However, the fact that the number of observed dust days
is always fewer than the forecasted ones, can be attributed to the inability of the lidar technique to
perform measurements under cloudy/rainy atmospheric conditions.
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Figure 5.1: a) Monthly evolution and b) linear fit of the mean monthly number of dust cases observed (EOLE) and
predicted (BSC-DREAMB8D) for the period 2000-2017.
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Moreover, we found a quite strong correlation (R?=0.81) between the occurrences of the
observed and forecasted number of monthly mean cases, denoting their linear association (Fig. 5.1b).
Roughly, about half of the forecasted dust cases are finally observed by the lidar system during the
studied time period (2000-2017). In the worst-case scenario, at least the 50% of the forecasted by the
model dust events will be finally observed with EOLE, over the cloudless sky of Athens.

5.1.2 Dust optical properties

In Fig. 5. 2a and b we present the seasonal variation (from spring to winter) of the vertical profiles
(black lines) of Baer and oer, at 355 nm, as well as their mean values (red lines) and the corresponding
statistical error expressed by the standard deviation (SD) of each mean seasonal vertical profile
(magenta horizontal error bars). Similarly, the seasonal variation of the LRs and their corresponding
mean values are presented in Fig. 5.2c in the height range between 2000 and 4000 m, where usually
most of the Saharan dust layers are detected. All these profiles show a quite large variability due to the
varying intensity and different air mass trajectories of the dust events occurring over Athens, as
previously discussed in Papayannis et al. (2009). In our case, the mean LRsss values within the dust
plumes (spring: 58 + 9 sr, summer: 54 £ 9 sr, autumn: 38+ 6 sr, winter: 45 + 6 sr) vary from season to
season, taking lower values during the colder months. Therefore, not only the time of the transport,
but also the transport paths and the prevailing atmospheric conditions that vary among seasons, may
affect a dust layer itself.
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Figure 5.2: Seasonal variation of the vertical profiles of the aerosol optical properties: a) Bsss, b) asss and ¢) LR3ss, along
with their mean values (red lines) and the corresponding SD (red error bars) for the 59 dust cases (2000-2017).
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The frequency distribution of the LR3ss (61 cases), of the range 2000-4000 m (a.s.l.) is shown in
Fig. 5.3. This distribution clearly shows a maximum occurrence at 40-50 sr (37% of cases) with the
majority of cases lying between 42 and 62 sr (25%-75%), as shown in the inset boxplot of Fig. 5.3.
The mean LRsss of all cases was found to equal to 52 + 13 sr (with a min. of 22 sr and a max. of 77 sr)
in the height range 2000-4000 m a.s.l. The quite large standard deviation values and the outliers of the
boxplot indicate, for many cases, a possible mixture of dust with other aerosol types (e.g. marine,
polluted continental, and/or biomass burning ones).
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Figure 5.3: Histogram and boxplot of the occurrence of LRasss for the 59 dust cases during the period 2000-2017, as
calculated for heights between 2000 and 4000 m.

The seasonal variability of the AOD at 355 nm is demonstrated in Fig.5.4a. In the box plot, the
box spans the interquartile range (IQR) from 25% to 75% percentile including the median line and the
whiskers are chosen maximally 1.5x IQR away from the box. In this way, we can discern outsiders,
shown as asterisks. It is evident that the AODzss shows a significant seasonal variability, with
minimum mean values (squared symbols) during autumn and maximum mean values in spring and
summer months. These minimum and maximum levels of AODs are consistent with the seasonal
Saharan dust outbreaks, in accordance with the seasonal variation observed over Athens by Papayannis
et al. (2009), but at 532 nm. Moreover, the medians (vertical lines) of spring and summer are lower
than the corresponding mean values, indicating that the distribution is skewed to lower values, while
there are some exceptionally large ones (extreme dust episodes occurring during the abovementioned
period). On the other hand, during the autumn and winter months, the distribution of the AOD values
seems to be more normal, as the corresponding mean and median values are almost equal. Regarding
the AOD seasonal variability, the AOD values lay in a wide range during the hotter months (spring,
summer), while during the colder months (autumn, winter) the variation is limited. The mean AOD3ss
over the entire period (2000-2017) was found equal to 0.25+0.16, ranging between a minimum of 0.03
and a maximum of 0.86.

The seasonal variability of the mean LRasss, along with their SD is shown in Fig. 5.4b. These
values range within the dust plumes from 38 sr (in autumn) to 58 sr (in spring). In fact, the springtime
and summertime values (58+9 and 5449 sr, respectively) are very close to the ones (nearly pure dust)
measured in situ during the SAMUM experiment (5345 sr, at 355 nm, as shown by Gro8 et al., 2015),
which indicates a very low mixing rate of dust (strong dust events with a very fast (1-2 days)
transported from the African continent to Athens passing over the Mediterranean Sea) with other types
of aerosols during their transport. The respective autumn and winter mean LR values (38+6 and 45+6
sr, respectively) are lower when compared to the aforementioned ones but remain within those (40-45
sr) reported by Amiridis et al. (2005), Miiller et al. (2007) and Papayannis et al. (2009), indicating a
possible mixing with continental air masses and different transport paths. Moreover, our data reveal a
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seasonal downtrend (R?=0.59) in dust episode occurrences originating from Saharan desert from spring
to winter, according to Fig 5.4b with a minimum during autumn months.
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Figure 5.4: a) Box plot of the seasonal variability of the mean AOD values and b) Mean seasonal lidar ratio values along
with the linear fit of the mean values (red line), as calculated at 355 nm during the period 2000-2017, between 2000 and
4000 m a.s.l.

No specific trends could be revealed during the reporting 18-year period, concerning the
modification of dust pathways and dust quantities arriving over Athens based on the available air mass
trajectory simulation data, except the aforementioned seasonal preference of the strongest dust
transport during spring and summer. Therefore, it can be concluded that not only the time spent over
the long-range transport areas, but also the transport path and the atmospheric conditions that vary
among seasons, may affect the characteristics of the dust layer itself. A more comprehensive analysis
about aging and mixing properties of dusty layers will be analyzed later on (cf. Sect. 5.2.3 - 5.2.4).

5.1.3 Dust geometrical properties

In order to characterise the probed dust layers, in terms of their geometrical properties (base, top,
layer thickness and centre of mass (zcom)), as calculated from the lidar retrievals, one can follow the
procedure proposed by Mona et al. (2006). In Table 5.1 we present the vertical distribution (in m) of
the mean, minimum and maximum values of the aforementioned dust altitude-related parameters
retrieved directly from the Bsss over Athens, during the reported period (February 2000 - December
2017). Multiple aerosol dust layers of variable thickness (609-6199 m) were observed. The zcom of
these layers was located in altitudes between 1270 and 5738 m with a mean value of 2508 + 1109 m.
The variability of the zcom values could be related to the mixing of the different air masses arriving
over our measuring site (Matthias et al., 2004). The base of the dust layer ranged from 926 m to a
maximum of 5094 m, with a mean value of 1793+1098 m. Additionally, the top of the dust layer ranged
from 2005 to 8014 m, with a mean value of the order of 3540 m.

Table 5.1: Main characteristics of the Saharan dust retrieved from the baer profiles at 355 nm.

Years: 2000-2017 Mean+SD Maximum Minimum
Base zs (M) 1793+1098 5094 926
Top zr (M) 3540+892 8014 2005
Thickness th (m) 1747+£785 6199 609
Centre of mass zcom (M) 2508+1109 5738 1270

According to the seasonal evolution of the base and top values, a mean minimum value during
the autumn and winter months can be indicated, which is related to the lower temperatures of the free
troposphere, leading to cooler ground surfaces. On the contrary, during the hot period (spring and

42



summer months) these geometrical parameters show higher values (Fig. 5.5). Therefore, we can
observe a downward trend of the mean seasonal base and top values from spring (base: 2150 m, top:
4560 m) to winter (base:1800 m, top: 3980 m). Moreover, the mean seasonal thickness values present
a relatively low SD equal to 9%, among the seasons. These observed trends could be related to: i) the
different atmospheric conditions that prevail and characterize each season, ii) the occurrence of
Saharan episodes over our area which is higher during spring and summer months, and iii) the
convective activity which is strongest during the hot periods (mainly late spring and summer).
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Figure 5.5: Annual evolution of the layer properties: base zg (lower part), thickness th (middle part) and top zr (upper part)
and their corresponding seasonal means with standard deviations for the 18 year period studied.

5.1.4 Clustering analysis: origins of Saharan dust intrusions over Athens

A cluster analysis has been applied to all air mass trajectories arriving over Athens in order to
identify their origin using an algorithm based on Dorling et al. (1992). The basic idea is that the non-
hierarchical clustering algorithm generates a large number of "seed" trajectories, which cover the
spread of the real trajectories used in the analysis and then, assigns each of the real trajectories to that
seed which is closest in terms of the Euclidean distances between their corresponding 6-hourly
coordinates. The user can define a percentage change in Root Mean Square Deviation (RMSD) which,
when exceeded at some stage in the reduction of the number of clusters, signifies an optimum number
of clusters to be retained in the analysis. The algorithm indicated these two optimum main clusters,
with the corresponding average trajectories, called centroids (Toledano et al., 2009). Using these two
“clusters” the FLEXPART transport model was implemented in order to provide dust plumes on the
basis of their residence time (expressed in hours) called sensitivity plumes (Stohl et al., 1998; Stohl et
al., 2005, see Sect. 4.4). Therefore, 7-day air mass backward trajectories were calculated from 0 to 500
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m a.s.l. height over the source region, reaching over Athens between 2000-4000 m a.s.l., with a 3-hour
interval.

In Fig. 5.6, our clustering analysis reveals these two main clusters: one pathway from south-
west to north-east, with dust emission areas in Algeria, Tunisia, and Libya (Cluster A, linked with a
low-pressure over Morroco and Algeria and a high-pressure over Libya-Egypt) and a second one from
south, across the Mediterranean Sea with emission areas over Libya and the remaining part of Algeria
and Tunisia (Cluster B, linked with a low-pressure over Spain and a high-pressure over Libya-Egypt)
in accordance with Moulin et al. (1997). Actually, the second cluster has similar pattern with the first
one, except that it is more shifted to the east and north and has contribution from Europe. Moreover,
Cluster B has a bigger number of air mass trajectories (60% of the cases) with lower lidar ratio values
compared to Cluster A (40% of the cases), while its centroid is shifted more to the Mediterranean Sea.

Regarding the aerosol optical properties we found higher mean AOD values within Cluster A
(0.39+0.15) than within Cluster B (0.32+0.22), at 355 nm. For Cluster A, the mean LR3ssvalue was
also higher (52+15 sr), compared to Cluster B (44+15 sr). The difference in the values of these optical
properties between the two clusters indicates that, although the origin does not differ much, the
distance travellled and the residence time of the air masses, may differ.
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Figure 5.6: 7-day air mass backward FLEXPART clusters for 59 Saharan dust cases (2000-2017). Particles are released at
a uniform rate during a 3-hour interval from 0 to 500 m a.s.l. height reaching over Athens between 2000-4000 m. Left:
Cluster A, Right: Cluster B. For each cluster, the centroids are presented (black dots) and the mean optical properties are
mentioned (inset legend). The air mass residence time along the centroids’ trajectory over each site is shown in hours. The
charts are plotted with X axis (longitude) and Y axis (latitude).

In order to verify this assumption, we calculated the air mass velocity within each cluster,
correlating the distance travelled within 3-hour interval along the clusters’ centroid. Therefore, it is
evident that the distance travellled and the residence time are both directly related to the air mass aging
processes.

Indeed, as shown in Fig. 5.7, the air masses of Cluster A remain 12 hours more (dust enriched)
over the African continent (75 hours) than those of Cluster B (63 hours) and reach Athens faster (less
mixing during transport) after a total travel time of 126 hours. Concerning the time period spent over
the Mediterranean Sea, the air masses of Cluster A stay 51 hours over that area, much less than the air
masses of Cluster B, which stay for about 78 hours. Obviously, he air masses of Cluster B circulate
~27 hours more over the Mediterranean Sea compared to those of Cluster A, thus, they mix more with
marine aerosols within the first 500 m a.s.l.
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Figure 5.7: Distance travelled (in km) every 3-hour interval for the 7-day backward trajectory of each clusters’ centroid:
cluster A (left) and cluster B (right). Their residence time over Mediterranean and the African continent (red rectangulars)
are mentioned by the black dots (each dot represents a 3-hour interval).

5.2 4 years of measurements of Saharan dust intrusions over the Mediterranean
basin (2014-2017)

It is well documented that mineral dust may highly influence the atmospheric radiative balance
through scattering and absorption processes (direct effect) as well as the cloud nucleation, formation
and lifetime (indirect effects) as shown in IPCC (2014). Over the Mediterranean Basin, Saharan dust
advections are modulated by meteorology along rather regular seasonal patterns (Mona et al., 2012).
For instance, in the western Mediterranean region the African dust occurrence is higher in summer
(Salvador et al., 2014), while in the central Mediterranean region, spring and summer are, usually,
associated with dust aerosol loads extending up to altitudes of 3—4 km (Barnaba and Gobbi, 2004).
Finally, in the Eastern Mediterranean the main dust transport occurs from spring to autumn
(Papayannis et al., 2009; Nisantzi et al., 2015; Soupiona et al., 2018) as a result of the high cyclonic
activity over the northern Africa during this period (Flaounas et al., 2015). Considering also that the
Mediterranean is a region of high evaporation, low precipitation and remarkable solar activity, the
transportation of dust aerosols accompanied with aging and mixing processes make this area a study
of interest for present and future climate change effects (Michaelides et al., 2018).

5.2.1 Data selection and methodology

The selection of the discussed dust cases of the four EARLINET stations (Granada, Potenza,
Athens and Limassol, see Sect. 3.5), was based on the values of the optical properties of dps32 and LRs32
measured by lidar (GroB} et al., 2013). Since pure dust layers (dps32=0.31+£0.02, Freudenthaler et al.,
2009) rarely occur over the Mediterranean cities due to continental contamination by urban, pollution
or even BB aerosols and other mixtures, a sufficiently lower dps32 threshold value should be considered
to characterize an aerosol layer as a dusty one over the studied area. Moreover, the respective LRs32
values for long-range transported Saharan dust aerosols over the Mediterranean area are expected to
range between 35-75 sr as previously reported (Mona et al., 2006; Papayannis et al., 2008; Tesche et
al., 2009; GroB et al., 2011; Ansmann et al., 2012; Nisantzi et al., 2015; Soupiona et al., 2018).

Considering these aspects, from the total set of Saharan dust events per station listed in the
EARLINET database for the common period 2014-2017, we considered for further analysis only the
data meeting the following three basic criteria: a) dps32> 0.16 in the free troposphere, b) 35 sr < LRs3.
<75 sr in the free troposphere and c) the thickness of the detected layer to be at least 500 m. The critical
height (in meters a.s.l.) in which the first criteria was met, was considered to be the base of the dust
layer. This assumption was deemed necessary to be made since usually, the lofted dust layers cannot
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be distinguished from the top of the PBL, while the presence of urban haze and pollution decreases
drastically the values of 6, down to 0.03-0.10 (Gobbi et al., 2000; GroB et al., 2013). As top of the
dust layer it was estimated the height where the lidar signals were well fitting the molecular scattering
in the free troposphere (both dps32 and Pss2 tending to zero). For some cases over Athens, where
depolarization measurements were unavailable, the values of the base and top were calculated from
the Raman lidar signals, following the procedure proposed by Mona et al. (2006).

A careful investigation of the air mass origin and long-range mineral dust transport by means of
backward trajectory analysis was carried out using the HYSPLIT model (Sect. 4.3). The kinematic
back-trajectories were calculated using the vertical velocity component given by the meteorological
model with a 96-120 hours pathway (4-5 days backward). MODIS/Terra information (Sect. 4.8) was
also taken into account for detecting the corresponding hot spots of possible fires and thermal
anomalies along the trajectories (not shown here).

In our analysis for the cases over the Mediterranean area, e ended up to study 51 individual cases
in total (15 for Granada, 18 for Potenza, 12 for Athens and 6 for Limassol). It should be mentioned
here that for the region of Cyprus, the situation is more complex since except Saharan dust events,
Middle East dust outbreaks occur frequently (Nisantzi et al., 2015; Kokkalis et al., 2018; Solomos et
al., 2019). On top of that, dust particles originating from Middle East proved to have different lidar
ratio values than the corresponding observations over Saharan desert (Mamouri et al., 2013; Kim et
al., 2020). Considering this, dust events observed over the Limassol station originating from Middle
East region were not included in our study issue.

Figure 5.8 reveals the air mass backward trajectories concerning the air mass origin as obtained
by HYSPLIT per station and per observed layer. In the majority of cases, the air masses originate from
the western and north-western Africa (Morocco, Mauritania, Algeria and Tunisia). Taking a quick
look, one can observe two dominant occurrences: i) trajectories which travel directly from the source
to the observation station and ii) trajectories that circulate over the Mediterranean or Atlantic Ocean
(for the Granada and Potenza cases), Europe and Balkans or even Turkey (for the Limassol and Athens
cases) before reaching the observation stations.
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Figure 5.8: 96-120-hour backward trajectories over a) Granada, b) Potenza, ¢) Athens and d) Limassol, for arrival heights
of approximately the center of each observed dust layer (51 cases, 2014-2017).

5.2.2 Aerosol geometrical and optical properties per site

Examining the dust events case by case, we calculated the base, top and thickness of each
detected layer and the mean values of 8,535, LRs3, and AODs;3, inside each dust plume as shown in
Fig.5.9 (a-d). The corresponding SD values give an indication of the variability of these parameters
from base to the top of each dust layer. Each sub-figure shows the geometrical or optical characteristics
of the detected layers one by one, per station and per year. Figure 5.9a shows the aerosol geometrical
properties per case including the mean values of the base and top height of the dust layers per station,
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along with their SD (marked with horizontal bounded lines). For these four sites (from left to right
hand: Granada, Potenza, Athens and Limassol) the mean layer thicknesses were calculated: 3392 +
1458 m, 2150 + 1082 m, 1872 + 816 m and 1716 + 567 m, respectively; we also report on the
mean 853, values of 0.24 + 0.05, 0.26 + 0.06, 0.28 £ 0.05 and 0.28 + 0.04 (Fig. 5.9b), and mean
AOTs3, values of 0.40 + 0.31, 0.11 £ 0.07, 0.12 £ 0.10 and 0.32 £+ 0.17 (Fig. 5.9d), respectively.
Almost equal mean LRs3, values of ~51 sr (Fig. 5.9c) were found for all stations in good agreement
with literature findings (Tesche et al., 2009; Ansmann et al., 2012; GroB3 et al., 2011; 2013). It is worth
mentioning that the Granada station holds the minimum mean value for layers’ base (1567 + 788 m)
and the maximum for top (4960 + 975 m) and layer’s thickness. The largest mean AOD value, equal
to 0.40 £+ 0.31, is also observed over the Granada station depicting thick dust layers in the majority of
cases.
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Figure 5.9: Mean values along with standard deviation of a) base and top, b) §,53,, ¢) LRs3, and d) AODs3,, per station
(text and banded lines) and per case (symbols and error bars) inside the observed dust layers (2014-2017).

Considering Granada’s station as representative of the west Mediterranean region, Potenza of
the central Mediterranean region, Athens and Limassol stations of the eastern Mediterranean region, a
dust aerosol mode classification per region can be performed. For this purpose, the mean AODs32
versus the AEgss;/ 1064 giving an indication of the aerosol particle size in the atmospheric column
relevant to the aerosol load for each region are shown in Fig. 5.10. A wide spread of the AOD values
at moderate to low AEgs3, /1064 Values (between 0 and 0.6) observed in the western Mediterranean
region, demonstrates that the dust size distribution in this area is dominated by coarse mode particles
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during dust events of different intensities. On the other hand, the presence of dust layers, in the central
and eastern Mediterranean regions can be associated with higher AEgs3, /1064 Values (even up to 1.5)
and consequently, with the presence of fine mode particles and lower dust loads, probably due to
mixing processes of dust particles with other aerosol types. Our findings verify that the longer the dust
transport is, more likely it is for the dust aerosols to be mixed with background aerosols in the eastern
Mediterranean (Grof et al., 2019).

In terms of the aerosol size distribution, the scatter plot of Fig. 5.10 allowed us to perform a k-
means clustering (Arthur and Vassilvitskii, 2007) in order to define three physically interpretable
aerosol size distributions: a) fine mode, with AEgs3,/1064 > 0.6, b) coarse mode, with AEgs3; /1064 <
0.6 and AODs32 between 0 and 0.2, ¢) whilst AEgs3;/1064 Values smaller than 0.6 attributed to large
AODs (between 0.2 and 0.8) are representative of extreme dust events. It seems that the majority of
these extreme dust outbreaks occurs over the western Mediterranean region, more likely due to its
location close to the African continent and the local atmospheric circulation. For example, Fernandez
et al. (2019) recently reported an unprecedented extreme winter time Saharan dust event (February
2017) over the whole Iberian Peninsula with AODs > 0.2 (675 nm) and AE values around 0. More
studies referring to the occurrence of extreme dust events over the aforementioned area can be found
in literature (Cachorro et al., 2008; Guerrero-Rascado et al., 2009).
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Figure 5.10: AE gs32/1064 VErsus AODs3, per region: west (red marks and error bars), central (green marks and error bars)

and east (blue marks and error bars) Mediterranean region. K-means clustering revealed three clusters: fine mode (ciel
background), coarse mode (magenda background) and extreme dust events (yellow background).

5.2.3 Mixing state properties and microphysical properties of dusty layers

Based on the High Spectral Resolution Lidar (HSRL) classification presented by Grof} et al.
(2013), we plotted the intensive aerosol quantities LRs3, Versus &,s3, and we identified three of the
six existing clusters in our data (Fig 5.11). The first cluster (green marks and error bars) represents a
mixing state of Saharan dust and BB aerosols having a large spreading in the mean LR values and low
mean &,s3, values (40 sr < LRg3, < 75sr, 0.15 < 8,53, < 0.19). The second one, (red marks and
error bars) is attributed to mixed Saharan dust, where dust aerosols are dominant, with
urban/continental, marine or even pollen aerosols also possibly present (40 sr < LRg3, <65 sr,
0.20 < 8ps32 < 0.29). The third cluster (orange marks and error bars) is attributed to pure Saharan
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dust aerosols (45 sr < LRs3, < 60 sr, 0.30 < 8,53, < 0.36). The most populated and consequently,
the most common, among those three clusters is the red one, as expected, due to the frequent mixing
of dust aerosols with continental ones (Papayannis et al, 2009). The range of our measured 8,53, values
as indicated with the horizontal error bars in Fig. 5.11, overlap between the three identified aerosol
clusters, showing a more realistic transition from one cluster to the other, bridging the gap specifically
between green and red clusters from the HSRL classification.
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Figure 5.11: LRg3;, Versus §,,s3, values from HSRL observations presented by GroB et al. (2013), (colored dots) along with
the selected datasets from the four EARLINET stations (symbols and error bars).

Table 5.2 summarizes the mean values of the aerosol geometrical, optical, and microphysical
properties of the three identified clusters along with their SD (5 cases for BB & Saharan dust, 8 cases
for Saharan dust, 29 cases for mixed Saharan dust). A synergistic approach of HYSPLIT (trajectories
of 120 hours backward for each case) and Google Earth (distance calculator) tool allowed us to
estimate the distance travelled (in km) to the respective sites and the mixing hours per cluster.
Specifically, the term of mixing was introduced to refer to the hours the air masses travelled after
leaving the African continent. We can see that the Saharan dust cluster of the air masses shows the
lowest mixing with other air masses (26 + 13 hours), compared to the other clusters (41 + 26 hours
for the BB & mixtures and 66 + 41 hours for the mixed Saharan dust cluster). Moreover, the air masses
from the Saharan dust cluster seem to travel faster than those of the other clusters, although covering
a greater distance (4845 + 2825 km) at the same time period (within 120 hours). Moreover, the main
difference between the two remaining clusters (BB & mixtures/Mixed Saharan Dust) is attributed to
the mixing hours. The air masses of the latter cluster (Mixed Saharan Dust) remain 15 hours longer
and circulate over the Mediterranean and Europe, so they are probably enriched with other aerosol

types.

Concerning the aerosol optical properties retrieved by lidar, the Bs32 and as32 show lower values
for BB & dust and for mixed Saharan dust cases (1.10 + 0.15 x10~3km™sr?, 0.47 + 0.28 km™ and
1.24 4+ 0.80 x10~3km™sr?, 0.74 4+ 0.48 km™ respectively) and higher values (1.54 + 1.05 x1073
kmsr?, 0.80 + 0.27 km™) for the Saharan dust cluster. Therefore, higher AOD values (0.32 + 0.25)
were found for the latter cluster compared to the others, due to the higher dust burden of these events
over the affected sites. The highest &,,53, values (0.32 % 0.02) indicate the arid origin and the coarse
mode of pure Saharan dust layers (Freudenthaler et al., 2009) of the corresponding cluster. No direct
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information can be extracted from the similar LR<5, values about the mixing state of the aerosol layer,
except that the range of the SD narrows as the mixing decreases. Additionally, for the cases that
observations at 355 nm were available, it seems that LR color ratio (namely the LR3cs/ LRg35)
converges to 1 for the Saharan dust cluster, indicating the absence of spectral dependence for the case
of pure dust (Miiller et al., 2007; Veselovskii et al., 2020). For these cases also, AEgsss,s3, becomes

closer to zero taking mean value of 0.35 + 0.45.

We also summarise the changes in the mean microphysical properties estimated with the SphinX
tool for all cases of each of the three identified clusters. The BB & Saharan dust cluster takes the lower
mean Resr value (0.293 + 0.074 um) due to the fine structure of BB aerosols inside the layer, while
a mean value of Refr equal to 0.360 + 0.081 um corresponds to the cluster of mixed Saharan dust and
a slightly larger value (0.387 + 0.070 um) corresponds to the Saharan dust cluster. The values for
RRI, IRl and SSA at 532 nm were similar for these two clusters that do not include BB aerosols, whilst
the presence of BB aerosols of the first cluster leads to higher RRI and IRI values and lower SSA ones,
making these results to be in good agreement with the ones reported in Petzold et al. (2011) over Dakar,
for mineral dust and dust mixed with anthropogenic pollution.

Table 5.2: Mean values of optical, geometrical and microphysical properties of the three identified clusters along with

their SD. Zero SD indicates no variability in the corresponding retrieved parameter. The term of mixing refers to the hours
the air masses travelled after leaving African continent.

Clusters
Parameters .
BB & Saharan Dust Mixed Saharan Dust Saharan Dust
Psa2 (kmisrl) 1.10£0.15 [x1079] 1.24+0.80 [x107] 1.54+1.05 [x1079]
ass2 (km't) 0.47+0.28 0.7440.48 0.80+0.27
LRs32 (sr) 51+15 507 52+£5
LR (sr) 35+13 42+7 51410
Optical
Properties LRsss/LRs32 0.69 +0.24 0.84 £0.16 0.98+0.16
Ops32 0.17+0.01 0.26 +£0.03 0.32+0.02
AEp3ss/532 0.44 £0.59 0.52+0.61 0.35+0.45
AOQODs32 0.03+£0.02 0.15+0.10 0.32+0.25
Thickness (km) 0.79+£0.21 2.08+0.76 3.10+1.72
Distance (km) 3496 £ 1185 3662 £ 1617 4845 + 2825
Ge|c\)/|rr_1e_try = Mixing (hours) 41 +£26 66 +41 26+13
ixing
Refr (um) 0.293 £0.074 0.360 + 0.081 0.387 £0.070
RRI 1.50 £0.00 1.47 +£0.05 1.47 £0.05
. . IRI 0.005 +0.000 0.0046 £+ 0.0045 0.0041 +£0.0018
Microphysical
Properties SSAs32 0.9482 +£0.0019 0.9644+ 0.0181 0.9638+ 0.0219
SSAs3s5 0.9372 £0.0070 0.9579 +0.022 0.9517 +£0.0264

5.2.4 Mixing processes and spheroid aerosol microphysical properties of 4 specific events
(Athens and Granada)

In this section we will show the great potential of lidar stand-alone retrievals of non-spherical
aerosol microphysical properties. We present the aerosol optical and microphysical properties during
4 selected Saharan dust events over Athens (Greece; NE Mediterranean) and Granada (Spain; NW
Mediterranean) focusing on short-range to long-range dust processes. We selected specific dust
transport cases taking into account their transport time and mixing process whose datasets allowed for
stable microphysical inversions: 11 September 2017, Athens (case A), 16 June 2013, Granada (case
B), 19 April 2018, Athens (case C) and 9 June 2016, Granada (case D).
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At a first step, we verified that the source region of the air masses arriving over Athens and
Granada, was originating from the African continent, again, by means of the HYSPLIT model for a
period of 120 hours backward in time. The air mass trajectories were computed for arrival heights of
approximately the bottom, center and top of each observed layer. Again, mixing time refers to the
hours the air masses travelled after leaving the African continent until they were detected over the
observation stations. Based on this transport time, the four selected dust cases reveal a pattern which
allows us to separate them into two categories: (i) transport time < 1 day, which indicates quite pure
or less mixed particles within the dust layer (Fig. 5.5), (ii) transport time > 1 day, which indicates a
combination of mineral dust, polluted mineral dust or even smoke arriving over the stations (Fig. 5.6).

1) Transport time (after African continent) < 1 day: The air mass backward trajectories arriving
over Athens on 11 September 2017 (case A), at 18:00 UTC, between 2-4 km (cf. Fig. 5.12 left), shows
that ~18 hours of the total of 120 hours of the residence time are spent over the Mediterranean Sea and
60 (at 3000 m) to 100 hours (at 4000 m) over S. Morocco, Algeria and Libya, where Saharan desert
areas spread out. Similarly, for the air mass backward trajectories arriving over Granada on 16 June
2013 (case B), at 22:00 UTC, between 2.5-4 km, (cf. Fig. 5.12 right), ~24 hours are spent over N.
Morocco and Alboran Sea and 48 hours (at 2500 and 3000 m) over E. Morocco and Algeria, areas that
belong to the Saharan region. Consequently, the aforementioned air masses in both cases are travelling
quite fast (<1day), probably favouring the direct transport of mineral dust aerosols.

ii) Transport time (after African continent) > 1 day: For the case of 19 April 2018 detected over
Athens (case C), the air mass backward trajectories (calculated at 18:00 UTC), show that less than 30
of the total 120 hours are spent over Libya and Tunisia, while the rest 90 hours are spent circulating
over the Mediterranean, Aegean Sea and Bulgaria (cf. Fig. 5.13 left). Analogously, for the case of 9
June 2016 detected over Granada (case D), the calculated air mass backward trajectories at 02:00 UTC
show that ~48 of the total 120 hours are spent over the Atlantic Ocean and the Andalusian region while
the other 72 hours over S. Morocco and Algeria (cf. Fig. 5.13 right). It is evident that in both events,
there is no direct air mass flow from the source region to the lidar stations, but an alternative path
above marine and urban areas. Therefore, the measured aerosol optical properties for these cases can
be attributed to a mixing state where industrial/continental, marine or even biomass burning aerosols
were possibly mixed with the desert dust aerosols.

In order to investigate the possible mixing with other aerosol particle types during the air masses
transport we used the observations of the spaceborne lidar system CALIOP (on board the CALIPSO
mission, cf. Sect. 4.8) to track the aerosol plumes for the cases of the second category. In this study we
used the aerosol typing product of (Kim et al., 2018). We found CALIPSO overpasses intersecting the
air mass backward trajectories as presented in Fig. 5.13 (red boxes). Using the aerosol typing mask
tool (Omar et al., 2009), it was possible to determine the degree of mixing for these two cases. It is
easily observed that the air masses that eventually arrived over Athens at 19 April 2018 contained not
only pure mineral dust, but also polluted dust and even some smoke particles (yellow, brown and black
colors respectively). Moreover, the case of 9 June 2016 shows that mainly pure dust (above 3 km) and
polluted dust (below 3 km) was transported over Granada. Keeping this information in mind, one could
expect different features in terms of the aerosol optical and microphysical properties for these two dust
transport cases compared to the two abovementioned. It should be noted here that there were no
CALIPSO data available for case A and no overpass over Spain for case B, consequently no such
information is provided in Figs. 5.12a and 5.12b.
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Figure 5.12: 120-hour air mass backward trajectories arriving over a) Athens on 11/09/2017, (case A, 18:00 UTC), between
2-4 km height and b) Granada on 16/06/2013, (case B, 22:00 UTC), between 2.5-4 km height.
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Figure 5.13: 120-hourair mass backward trajectories over a) Athens on 19/04/2018, (case C, 18:00 UTC), between 2.5-
4.5 km and b) Granada on 09/06/2016, (case D, 02:00 UTC), between 1-3 km height, along with position (altitude, latitude
and longitude) and type of the aerosol layers detected by CALIOP during one overpass tracking the air masses contained
within the red boxes (extreme left and right). Yellow and brown colors stand for pure and polluted dust respectively, while
black indicates smoke.

Apart the analysis of the lidar data, we also used AERONET data. The main direct AERONET
products obtained for the relevant selected temporal windows are summarized in Table 5.3. The AOD
at 500 nm was at least 0.27, with relatively low Fine Mode Fractions (FMF) values in all cases but C.
In this case, the presence of polluted and smoke particles (Fig. 5.13a) makes the fine and coarse mode
(related to mineral dust) share similar proportions with a FMF of 55%. The spectral dependent AOD’s
and the AEaop’s show values much lower than the usual ones over urban sites (e.g. Alados-Arboledas
et al., 2003 and 2008; Lyamani et al., 2010; Gerasopoulos et al., 2011), again with the exception of
case C, where the AE values are close to 1, a representative value for mixed biomass burning with
desert dust aerosols (Giannakaki et al., 2016).
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Table 5.3: Columnar aerosol properties retrieved from direct AEORNET measurements during the selected 4 dust cases.

Case Time (UTC)  AOD (500 nm) FMF (%)  AEnop (440/870 nm)
A) AT, 11/09/2017 15:36 0.34 22 0.22
B) GR, 16/06/2013 18:28 0.27 28 0.36
C) AT, 19/04/2018 15:20 0.27 55 0.94
D) GR, 09/06/2016 18:21 0.54 19 0.16

Additionally, in Fig. 5.14a, we can observe typical SSA values for dust particles increasing with
wavelength, except case C, ranging from 0.85 to 0.98 as also observed by Dubovik et al. (2002),
Valenzuela et al. (2012) and Benavent-Oltra et al. (2017). The IRI values (Fig. 5.14b), especially in
case B, are slightly higher than the reported by Dubovik et al. (2002), in agreement with those from
Benavent-Oltra et al. (2017). The analysis of the spectral behaviour of these two variables (SSA, IRI)
yields further interesting information. The cases with shorter transport time (case A and B) have similar
positive slope for SSA and negative for IRI, as also reported in the literature (Toledano et al., 2011,
Valenzuela et al., 2012; Lopatin et al., 2013; Schuster et al., 2016; Benavent-Oltra et al., 2017). For
case C, where the dust was transported during longer time with a strong possibility of mixing with
biomass burning particles, we can observe no dependence on wavelength (zero slope), a feature related
to the presence of black carbon from combustion (Bergstrom et al., 2007). In case D, where again the
transport process last longer, the spectral dependence is more pronounced in the shorter wavelengths
showing similarities with cases A and B. These results suggest that the higher the element of dust and
the contribution of larger particles in the mixing, the more pronounced spectral difference for smaller
wavelengths. Moreover, their absorption is lower and thus, their SSA values are higher in general for
the cases with more aged or mixed particles (cases C and D). It should be noted here that, up to now,
there have been numerous studies providing fundamental insights into the complex photochemistry of
mineral dust aerosol in the atmosphere (Cwiertny et al., 2008). Liquid or adsorbed water and coatings
can affect dust photochemistry as mineral dust particles are transported through the atmosphere, as
well as the diurnal cycle can affect the mineral dust properties between daytime (AERONET) and
nighttime (Raman-lidar) measurements.
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Figure 5.14: AERONET retrievals of a) SSA and b) IRI for cases A to D.

In all four studied dusty cases, the aerosol size distributions retrieved by the AERONET
inversion code showed again that the fine mode particles do not have a significant contribution to the
measured AOD values compared to the coarse mode particles that are dominant in the atmospheric
column (Fig. 5.15). This means a contribution of larger particles that corroborates the desert origin of
the probed aerosols. The dominance of the coarse mode particles is highlighted by the bimodal size
distribution with separation radius ranging from 0.18 pum to 0.30 um. For our first category (Cases A
and B), the bimodal volume size distributions have almost similar structure with low fine mode
concentration (< 0.02 pm?/um?). Specifically, for case B, the coarse mode is shifted to slightly larger
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radii, while a small difference in maximum volume concentration equal to 0.06 pm®um? indicates
quite similar intensity of the events of cases A and B. For our second category (Cases C and D), a large
difference in the size distributions between the two events is observed. A high peak of coarse mode
for case D in comparison to the lower concentration of case C represents a more intense dust episode.
The highest intensity differences among the dust episodes are mostly reflected by the associated
magnitudes of the volume concentration. For instance, the highest coarse-mode peak, corresponding
to Case D, represents a relatively more intense dust episode as compared e.g. to the lowest peak
corresponding to case C. There are further differences to be observed regarding the shape of the coarse
mode with the most evident one corresponding to the mode width, which is substantially greater for
case D than for case C having ranges 0.33-8.65 um and 0.44-6.64 um respectively.
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Figure 5.15: AERONET aerosol volume size distributions dV/(r)/dIn(r) for cases A to D.

Vertically-resolved aerosol properties

e Aerosol optical properties

Figure 5.16 (a and b) depicts the vertical profiles of the dust aerosol optical properties of the two
independent mineral dust cases A and B. On 11 September 2017 (Fig. 5.16a) a thick, intense and
almost uniform dust layer from around ground level up to 4.5 km height (a.s.l.) was detected by EOLE
[17:00-18:30 UTC] over Athens (case A). On 16 June 2013 (Fig. 5.16b) there is an almost uniform
layer in the atmospheric column above Granada (case B), which, similarly to case A is reaching 4.7
km a.g.l. [22:00-22:30 UTC]. For the aforementioned cases we selected the thin layers at heights 3.5-
3.8 and 2.65-3.1 km a.s.l. respectively. The selection of these thin layers inside the dust plumes was
based not only on the homogeneity of the optical properties, but also on the backward trajectories in
which, at roughly these altitudes, the source region is the same (W. Algeria) as shown in Fig. 5.12.
The vertical profiles of the other two cases representing events of more aged and mixed dust layers are
also presented in Fig. 5.16 (c and d). At least two decoupled aerosol layers of different intensities are
detected over Athens on 19 April 2018 (Fig. 5¢) between 1.5 and 4.5 km a.s.l. [17:30-18:50 UTC].
The vertical profiles on 9 June 2016 over Granada (Fig. 5.16d) confirm the decoupled thick mineral
dust layer of different intensities, between 2.5 and 5 km a.s.l. Here, we selected the thin layers 2.6-2.8
[17:30-18:50 UTC] and 2.55-2.75 km a.s.l. [01:00-02:00 UTC] respectively, in which there was
indication of mixed aerosol layers: polluted dust or even smoke particles for case C, polluted dust for
case D (see also Fig. 5.13).
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Figure 5.16: Vertical profiles of the aerosol optical properties (Baer, azer, LR, AE) obtained over a) Athens on 11 September
2017, 17:00-18:30 UTC (Case A), b) Granada on 16 June 2013, 22:00-22:30 UTC (Case B), ¢) Athens on 19 April 2018,
17:30-18:50 UTC (case C), between and d) Granada on 9 June 2016, 01:00-02:00 UTC (case D) along with their error
estimations (horizontal bounds). Yellow layers indicate the regions selected for microphysical analysis.
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The mean values of the aerosol optical properties retrieved from the lidar measurements and used
for the inversions for the four selected layers are shown in Table 5.4, along with their SD. Their
intensive parameters are also mentioned. For the first two cases (A and B) with transport time < 1 day,
these values represent the typical optical properties of short-range transported dust plumes. More
specifically, in this case, typical LRs were found (54 + 1 and 64 + 6 sr at 532 nm respectively) falling
within the ranges for Saharan-dust particles found in literature (Miiller et al., 2009; GroB et al., 2011).
The backscatter-related AE (AEpss2i0e4) values of 0.83 +0.04 and 0.03 + 0.02 respectively,
correspond to quite large particles, again, in good agreement with previous findings (Mamouri and
Ansmann, 2014; Veselovskii et al., 2016). The small SD values underline that the particles were well
mixed in the altitude range of the uniform dust layers.

Concerning the remaining two cases (C and D) we found larger deviations among their intensive
optical properties. The quite high mean LR value of 79 + 5 sr (at 532 nm) for case C corroborates the
strong indication that dust particles were mixed with particles of other origins, such as smoke while
travelling. Lower LR values of 39 + 2 sr (at 532 nm) are reported for case D. Contrary to the
abovementioned category, here, the decoupled plumes were probably relatively inhomogeneously
distributed along the vertical direction and mixed with aerosols from different origins (possible
biomass burning mixtures for case C and polluted mixtures for case D) or even different regions in
Sahara desert (differences in chemical composition of the mineral dust).

Table 5.4: Average aerosol particle optical properties for the selected layers within the dust zone along with their SD.

Case A B C D
Layer height a.s.l. [km] 3.50-3.80 2.65-3.10 2.60-2.80 2.55-2.75
azss [Mm?] 68.62+0.89 115.60 +6.94 49.1143.13 62.27 +1.62
Bass [Mm sr!] 1.89+0.06 1.55+0.11 0.94+0.11 2.39 +0.43
Optical as32 [Mm?] 60.69+0.52 100.88+8.35 52.54+9.00 82.67 +10.06
properties Bsz2 [MmL sr1] 1.13+0.03 1.6720.06 0.61£0.10 2.15 £0.05
Biosa[Mm sr] 0.63+0.01 1.621+0.001 0.18+0.02 1.8340.05
aer 355, 532 0.34+0.02 0.26+0.04 0.110.01 0.28+0.01
_ LRsss [sr] 36+l 76+7 514 28+4
plrgfoeenrstli\éz LRs32 [sr] 54+1 64+6 79+5 3942
AEp 532/1064 0.83+0.04 0.03+0.02 1.70+0.20 0.25+0.10

Figure 5.17 presents the vertical profiles of daer Of the four case studies (at 355 nm for Athens
and at 532 nm for Granada system). Typical dzer Values of transported mineral dust (Freudenthaler et
al., 2009, GroB et al., 2015), were calculated for the cases of the first category, verifying again the
dominance of the mineral dust particles. More precisely, mean dzer Values equal to 0.34 + 0.02 for
case A (17:30-18:30 UTC, 3.5-3.8 km) and 0.26 + 0.04 for case B (22:00-22:30 UTC, 2.65-3.10 km))
provide a clear indication of the non-sphericity of the pure dust particles. For these cases, the particles
of mineral dust sources seem to be rather unaffected by anthropogenic or other polluted aerosols. For
the cases of the second category, the mean Jzer Calculated inside the plumes show marginal values of
SD. The value of dar was found equal to 0.11+0.01 for case C (17:30-18:30 UTC, 2.6-2.8 km) and
0.28 + 0.01 for case D (01:00-02:00 UTC, 2.55-2.75 km). The fact that in case D the value of Oaer
increases above 2.5 kma.s.l. (8,0 = 0.32 + 0.01, 3-4.5 km) confirms the separation between polluted
and pure dust layers observed by CALIOP (see Fig. 5.13b). Moreover, the aforementioned influence
of mixtures (dust and smoke) can explain the lower daer Values of around 10% calculated for case C,
which are in accordance with previous studies (Ansmann et al., 2011; Grof3 et al., 2011; Tesche et al.,
2011; Wandinger et al., 2016; Giannakaki et al., 2016).
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Figure 5.17: Vertical profiles of the 8, for cases A to D along with their error estimations (horizontal bounds). For Athens
and Granada stations depolarization measurements are available at 355 nm and at 532 nm respectively.

e Aerosol microphysical properties

For each selected dust layer, the SphinX tool was applied (see Sect. 4.2) using the mean values
of our optical datasets presented in Table 5.4 as inputs. Table 5.5 shows the average values of a;, u;,
Terfr Qepr aNd ayiqen, RRI, IRTand SSA, along with their Var (%) derived by using the 5 best solutions
picked by the software according to the algorithm described in Sect. 4.2.

The RI values retrieved by SphinX (Samaras, 2016) for the mineral dust cases of the first
category is found equal to 1.4 + 0.004i inside both selected layers and SSA (532 nm) equal to 0.97 for
case A and 0.98 for case B, which points to weakly absorbing particles. On the other hand, different
values of the CRIs were found for the cases of the second category. More specifically, for case C the
CRI was found equal to 1.5+0.002i while for case D it was found equal to 1.5+0.005i.

Table 5.5: Average particle microphysical properties inside the selected layers along with their Variance (Var, %) based
on the 5 best solutions picked by the SphinX.

Case A B C D

Layer height a.s.l. [km] 3.50-3.80 2.65-3.10 2.60-2.80 2.55-2.75
at [pm?cm?] 152.20+8% 268.30+10% 140.99+3% 228.73+£5%

Ut [um3cm‘3] 16.13£10% 29.42+13% 19.92+8% 36.64+6%

Lidar-based reff [pm] 0.32+4% 0.33+£3% 0.42+8% 0.48+8%

inversions Qleff 1.18+5% 1.14+£5% 1.32+1% 1.32+1%
Owidth 0.06+24% 0.06+£25% 0.06£15% 0.06+£25%

Distribution
uncertainty [%] 48.19 46.31 26.86 23.85
RRI 1.4+0% 1.4+0% 1.5+0% 1.5+0%

Microphysical 0 0 0 0
properties IRI 0.004+43% 0.004+£57% 0.002+50% 0.005+42%

SSAsz3, 0.97+1% 0.98+2% 0.9842% 0.96+2%

For the less mixed dust episodes the retrieved 2D shape-size distributions reveal the same three-
mode pattern (Figs. 5.18 a and b). Two of the three modes correspond to prolate particles (a = 1.5),
confirming the non-spherical nature of the dust particles. The prolate particle modes can be subdivided
into a coarse mode with radii r = 1.7 um and a fine mode around 0.5 pm. A third mode centered in
a =~ 1andr = 0.3 um represents an additional contribution of spherical particles. The effective radius
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for the more intense episode of case A is found shifted to larger values (0.57 £ 0.05 um) as compared
to the corresponding case B (0.33 + 0.02 um).

In Fig. 5.18c, the dominant mode of the shape-size distribution corresponds to prolate fine
particles (up to a = 1.5,r = 0.5 um) and is extended up to 2.2 um. Additionally, there is a less
prominent but substantially wider mode pertaining to prolate coarse particles (upto a = 1.5,r = 1.4
um) with a less obvious separation point. Furthermore, the smaller peak indicates a contribution of
oblate fine particles (« = 0.7,r = 0.3 um). However, due to the relatively low magnitude of this peak
and the possibility of oversmoothing of the prolate coarse mode, the case that this peak might be either
a suppressed larger peak or an artefact, should be considered as well. In Fig. 5.18d, the dominant mode
of the shape-size distribution has similar behavior with the one of case C concerning the prolate fine
mode (up to @ = 1.5,r = 0.5 pum, extended up to 2.2 um). However, the less prominent mode
pertaining again to prolate coarse particles seems to be extended to smaller a values (a = 1.3,
r =~ 1.5 um). Here, there is a more significant coarse mode contribution in accordance with the higher
daer Value compared to case C.

For these four cases the dust particles behave effectively as prolate spheroids as it is further
indicated by the values of aeff ranging between 1.19 — 1.32 (see Table 3). The value of a,,;4:, Was
calculated equal to 0.06 + 0.01 for all cases. The differences in the shape size distributions for the
cases presented in Fig. 5.18, provide an additional indication for differences in aerosol composition
occurring due to the different travelled path bound to each case. Since case D owns the most intensive
event (see Figure 5.16) it takes the greatest u, value equal to 37 pm3cm3, while for the rest cases A, B
and C we have 16, 29, and 20 um®cm respectively (see Table 5.5).

Restricting to a 1-dimensional (1D) aerosol size distribution would offer a short-sighted view. If
we picture, for instance, all aspect ratio contributions summed for the distributions in Fig. 5.18 (a,b,c,d)
see that there is only radius dependence left, then the figures would appear relatively similar in trend
qualitatively. Obviously, even the spheroidal consideration of dust particles does not capture the
particle form physically (it is mainly a better fit for the observed optical properties), but with the
described approach our analysis can be refined to include possible diversity among cases of interest
which is otherwise invisible.
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Figure 5.18: The shape-size distribution shown in 3D (left) for the hole aspect ratio range and in 2D (right) for 3selected
aspect ratio values (0.78-oblate, 1.04-spherical, 1.50-prolate particles) for a) case A at 3.5-3.8 km a.s.l., b) case B at 2.65-
3.10 kmas.l., c) case C at 2.6-2.8 km a.s.l. and d) case D at 2.55-2.75 km a.s.l. as retrieved by the SphinX software tool.

Although these 2D particle distributions provide more information than a usual size distribution,
there are also limitations to this approach which might affect the inversion outcome. Since there are
several assumptions pertaining to the whole inversion chain (discretization, regularization, T-matrix
theory etc.), a full discussion exceeds the scope of this Thesis and limits itself to some evident remarks.
The less pronounced separation between fine and coarse aerosol modes especially for the prolate part
in Fig. 5.18 might indicate higher measurement errors which were misidentified by regularization; this
is @ common encounter also for the usual one-dimensional (size) distributions, (cf. Samaras et al.,
2015). The higher aspect ratio end (1.5) might not be sufficient in order to reveal the full extent of the
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shape size distribution further along the aspect ratio axis. The same is true for the radius boundary on
the right end even though in our cases the distributions are only mildly abrupt in this respect. Finally,
the presence of potential small artefacts in the distribution, as for instance in Fig. 5.18 (c and d), has
only a small contribution to the derived microphysical parameters since the double integration
suppresses further small oscillations in the solution.

5.3 Radiative forcing of dusty layers over the Mediterranean basin

It is well documented that considerable uncertainties in quantifying the global direct radiative
effects of aerosols arise from the variability of aerosols’ spatial distribution and aging/mixing
processes which can affect their optical and microphysical properties. The magnitude and even the
sign of the dust aerosol solar radiative forcing are highly uncertain as they strongly depend on their
optical properties, their size distribution and their CRI values. Papadimas et al. (2012) reported that
the aerosol optical depth seems to be the main parameter for modifying the regional aerosol radiative
effects (under cloud-free conditions) and, that on an annual basis, aerosols can induce a significant
“planetary” cooling over the broader Mediterranean basin. Other studies (Quijano et al., 2000; Tegen
et al., 2010) have shown that the presence of clouds and the surface albedo are also unquestionable
parameters affecting the net solar radiative transfer at the top of the atmosphere. However, a
comprehensive analysis from ground-based aerosol optical properties to vertical profiles of short- and
long-wave radiation estimations in the Mediterranean region has been reported so far only in a few
papers (Sicard et al., 2014; Meloni et al., 2003; 2015; Valenzuela et al., 2017; Gkikas et al. 2018).

5.3.1 Dust mass concentration lidar retrievals

To retrieve the aerosol dust mass concentration profiles, we first calculated the vertical profiles
of Bs3, and 6,53, Furthermore, by assuming that we have only two aerosol types (dust and non-dust)
inside the calculated 53, values, we separated the Ss5, profiles in two components: the first arising
from the contribution of the weakly depolarizing particles (8,,; = 0.05 for non-dust particles) and the
second one from the contribution of strongly depolarizing particles (6; = 0.31 for dust particles).
Then, the dust-related backscatter coefficient 5, at 532 nm was obtained, following the procedure
described by Tesche et al. (2009), according to the equation:

(6 — 6na)(1 +64)
Ba=Baer s~ a1+ 8) 1)

The estimation of the height-resolved mass concentration (in kg m>) of dust particles was based
on the procedure described by Ansmann et al. (2012), using the following equation:

massq = pa(Va/ta)Ba LR4 (5.2)

where we assumed the coarse-particle mass density (pq) to be equal to 2.6 gm>. Furthermore, a mean
volume-to-AOD ratio for coarse mode particles, v, /74 was calculated from AERONET measurements
(https://aeronet.gsfc.nasa.gov) for each station during the period 2014-2017. We report now, these
values in Table 5.6. The mean values of the whole studied period were calculated, since only few of
the studied cases were common in EARLINET and AERONET database. For the LRg, the mean LR
values per station, as calculated from the lidar measurements, were also used (cf. Table 5.6; Fig. 5.9¢).
These values are in good agreement with literature findings for long-range transported Saharan dust
events (Tesche et al., 2009; Ansmann et al., 2012; Grof et al., 2011; 2013).
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Table 5.6: Assumed (pg) and computed parameters (vq4/tq, LR4) used for the estimation of the height-resolved mass
concentration (in kg m~3) of dust particles. The ratio v4/1q4 is derived from AERONET sun-sky photometer measurements
within the period 2014-2017 at Granada, Potenza, Athens and Limassol. The LRy is calculated from the available lidar
measurements per station used in this study.

Station pa@m3)  vq/Tq (um) (AERONET) LR (sr)
GRA 2.6 0.80+0.29 5248
POT 2.6 0.71£0.37 51+9
ATZ 2.6 0.94+0.50 5249
LIM 2.6 0.87+0.27 49+6

5.3.2 Evaluation of the aerosol mass concentration vertical profiles

Before using the vertical dust mass concentrations profiles retrieved from i) BSC-DREAMS8Db
model simulations (Scheme A) and ii) lidar measurements as calculated from Eq. 5.2 (massq), (Scheme
B, see Sect 4.6.1) as inputs to the LibRadtran model, we performed a day-by-day comparison between
them. Due to the different spatial and vertical resolution between the modeled and the lidar profiles,
both profiles were degraded to the fixed height levels of the OPAC dataset (0, 1, 2, 3,4,5,6,7, 8, 9,
10, 11, 12, 35 km).

Figure 5.19 shows the Taylor's diagram of the mass concentration simulated by the BSC-
DREAMS8b model against the lidar-retrieved ones. The azimuthal angle presents the correlation
coefficient, the radial distance presents the normalized SD of each point, the root mean square error
(RMSE) is proportional to the distance from the point on the x-axis identified as “Calculated”, which,
is depicted by a black point at the (1,0) cross section, indicates the lidar retrieved aerosol mass values
representing the reference point. The normalization of the SD is performed with respect to the
calculated values. In the 66 % of the cases there is a good correlation (r > 0.6), and consequently a
good prediction of the shape of the vertical distribution is achieved, while in 96 % of the cases the
model gives lower concentration values (normalized SD < 1) revealing an underestimation in the
intensity and the mass concentration of the events. Therefore, we report a mean underestimation of the
mean mass concentration values of the BSC-DREAMSb of the order of 31%. However, we should
take into consideration: i) the spatial resolution, where the lidar observations are considered as point
measurements while the simulations represent uniform pixels of 0.3° resolution and ii) the temporal
resolution, where the lidar retrieved profiles are hourly averaged, while the model derived profiles are
instantaneous results, saved every 6 hours.
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Figure 5.19: Taylor's diagram of the case-by-case vertical mass concentration simulated by BSC-DREAMS8b model against
the lidar retrieved ones. The black point (1,0) represents the calculated lidar data. The azimuthal angle presents the
correlation coefficient (r), the radial distance of any point from the origin (0,0) indicates the normalized SD of the data set.
The colored the dots represent each one of the 4 EARLINET stations, namely GRA (red), POT (green), ATZ (blue) and
LIM (orange).
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By further comparing the modeled mass vertical profiles to the ones calculated by lidar, we
report that the mean center of mass (in km) estimated from BSC-DREAMSD profiles is 0.6 km lower
than the one calculated from the lidar measurements (2.6 + 1.0 km and 3.2 + 1.1 km respectively).
The maximum concentration (peak) is usually found in the region 2-3 km, both in the modeled and the
observed data. The BSC-DREAMSDb, having a significantly lower vertical resolution compared to the
lidar, predicts smoother profiles of dust layers by spreading the layer’s base to lower altitudes (~1km,
in 100% of the cases) and the top at higher altitudes (in 86% of the cases) compared to the observed
ones. These remarks are in line with previous studies by Mona et al. (2014) and Binietoglou et al.
(2015) where they have reported discrepancies concerning the base, the top layer height and extinction
profiles but a good agreement in terms of profile shape, between the BSC-DREAMS8b and lidar
observations. However, since fixed height levels of the OPAC dataset were finally used in LibRadtran
for the ARF simulations of the three Schemes, having significantly lower vertical resolution compared
to the intitial lidar profiles, these discrepancies in height were smoothed out.

5.3.3 Evaluation of ground level LibRadtran outputs

The evaluation of the performance of the LibRadtran model was undertaken by statistical means.
The relative root mean square error (rRMSE), the relative mean bias error (rMBE) the correlation
coefficient (r) and the normalized SD were calculated in order to numerically quantify the performance
of the global irradiance calculated from pyranometers and simulated from the three Schemes (cf.
Sect. 4.7.1). Table 5.7 shows the statistical results for the modeled global irradiance values versus the
reference pyranometer measurements for both locations and the threes schemes. All scheme
simulations perform remarkably well, with rRMSE values ranging from 8.3 to 16.2% and rMBE values
between 0 and 15.2%. In general, the rRMSE is slightly higher at Granada, mainly for the Scheme A.
According to this statistic, the LibRadtran output with the best performance are those obtained with
the Scheme C as input followed by Scheme B and A, respectively. This order is the same attending to
the rMBE values with the exception of the Scheme A at Athens. The correlation coefficient r depicts
the good performance of the radiative transfer model for the three schemes and the two locations
models. All simulations present a r > 0.95 with minor differences (below a 10%) in the normalized
SD values respect to the pyranometer global irradiance values. A slight overestimation is observed for
all scheme outputs at Granada (norm SD > 1). Conversely, this overestimation is no longer evident in
the modeled global irradiance for Athens. It is important to notice the good performance of the Scheme
B despite the important calculus involved in it.

Table 5.7: Statistical metrics for the modeled global irradiance values versus the reference pyranometer measurements
for Granada and Athens and the threes schemes applied.

Schemes Granada Athens
Metrics rRMSE (%) tMBE (%) R SD (norm) |rRMSE (%) rMBE (%) R SD (norm)
Scheme A 16.2 15.2 0.99 1.09 10.8 -02 0.97 0.89
Scheme B 11.9 5.7 0.97 1.10 10.2 8.3 0.99 0.92
Scheme C 8.8 5.9 0.99 1.09 83 6.3 0.99 0.96

5.3.4 Regional aerosol radiative forcing (ARF)

As mentioned previously, there is shortage of papers in the literature about the role of dust on
the Earth's radiation budget. Since very few in situ direct measurements of ARF effects and heat fluxes
are available especially in the Mediterranean area (Bauer et al., 2011; Meloni et al., 2018) we are
restricted to perform simulations to quantify the role of dust aerosols on the radiative forcing in the
studied regions (Soupiona et al., 2020). The mean ARF is calculated during this simulation, calling
twice the LibRadtran radiation code: with and without dust aerosols. For all cases the vertical profiles
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of ARF starting from ground level/bottom of atmosphere (BOA) up to the top of atmosphere (TOA)
in the SW and LW ranges were simulated using the three aforementioned Schemes.

A negative forcing of aerosols both at the BOA and TOA is noted in the SW range, as presented
in Fig. 5.20a, which depicts the mean ARF of all cases per scheme. All results within the SW range
represent less absorbing aerosols with a cooling behavior. Depending on the dust optical properties
and the load relevant intensity, the ARF values at the BOA range from -40 to -13 W m™ at SZA 25°,
from -43 to -14 W m2at SZA 45° and from -44 to -15 W m2 at 65°. At the TOA, the corresponding
ranges per SZA are -9.5 to -1.4 W m (25°), -16 to -3.3 W m (45°) and -24.3 to -6.9 W m (65°).
Similarly, in the SZA independent LW range (thermal spectral range), the ARF values range from +1.6
to +4.6 W m for the BOA and from +0.8 to +3.6 W m for the TOA. Our estimations are consistent
with results obtained by other literature findings for Saharan dust aerosols over the Mediterranean
region. More specifically, Sicard et al. (2014) found that the SW RF at the BOA has always a cooling
effect varying from -93.1 to -0.5 W m2, while the corresponding LW RF has always a heating effect
varying from +2.8 to +10.2 W m~2. They also concluded that dust aerosols at the TOA have a cooling
effect in the SW spectral range with a RF ranging from -24.6 to -1.3 W m2, while at the TOA the LW
RF varies between +0.6 and +5.8 W m™2. Meloni et al. (2003) found at the island of Lampedusa
instantaneous RF of -70.8 W m2 at the BOA and -7.5 W m 2 at the TOA within the range 300-800 nm
for an event with AOD of 0.51 at 415 nm. For the same location and for another strong Saharan dust
outbreak (AODs00=0.59) Meloni et al. (2015) reported a total (SW + LW) radiative forcing of -48.9
W m2at the BOA, -40.5 W m? at TOA, and +8.4 W m™2 in the atmosphere for SZA=55.1°. A negative
radiative effect reaching down to -34.8 W m at the surface in the Mediterranean area was also recently
reported by Gkikas et al. (2018) for the period March 2000—February 2013.

Variations among the SW and LW values of the ARF are expected since they strongly depend
on the different aerosol AODs, mass estimations and extinction values. Mass estimations retrieved
from Scheme B are expected to give higher values compared to those given from Scheme A as revealed
also by Fig. 5.20. The ARF at the LW spectral region is opposite in sign and significantly lower in
absolute values than in the SW region. The difference between the TOA and BOA ARF, with the
former to be only weakly perturbed and the latter to be much stronger, can be attributed to the heating
within the troposphere, since the presence of the dust mainly leads to a displace of surface’s radiative
heating into the dust layer. Low reflected solar flux is partially offset by the absorption of upwelling
LW radiation. Finally, in the LW spectral region, the mean ARF values at the BOA (Scheme A:
+1.6£1.6 W m, Scheme B: +4.6£4.7 W m™, and Scheme C: +2.9+9.4 W m™) are higher than those
at the TOA (Scheme A: +0.8+0.9 W m, Scheme B: +3.6:4.4 W m™, and Scheme C: +1.2+6.2 W m™?)
due to the fact that the main source of the LW radiation (Earth’s surface) is close to the aerosol layers,
mainly observed between 2 and 4 km a.s.l.. As a result, the ARF 5., is positive during the diurnal circle,
yielding net radiative heating of the dust layer.

The mean net heating rate within the atmosphere, calculated by adding algebraically both rates
in the SW and LW spectral ranges is presented in Fig. 5.20b. Here, the net heating rate is clearly
dependent on the available solar radiation, that increases with SZA due to the low incoming solar
radiation reaching the BOA at afternoon hours (SZA 65°). Our estimations are in accordance with the
fact that as the SZA increases, the optical path of the SW radiation grows significantly, increasing the
attenuation of the direct radiation while generating a higher fraction of the diffuse radiation. This effect
is more pronounced at the BOA, in which, the intensity of the heating rate is reduced with increasing
SZA, since fewer photons are available to heat the dust layers. The net heating rate values for Scheme
A are: -0.05+0.04 K day™ (25°), -0.04+0.03 K day? (45°) and 0.00+0.02 K day™ (65°). Similar to
slightly higher values are observed for Scheme B as follow: -0.07+0.06 K day™ (25°), -0.04+0.03 K
day? (45°), and -0.02+0.02 K day™* (65°). For Scheme C, we report higher values of the net ARF during
the diurnal circle. More precisely, the net heating rate is almost 1.5 times higher at 25°, 2 times higher
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at 45° and around 0.8 times higher at 65°, compared to the aforementioned Schemes. Greater sensitivity
in the SZA appears in Scheme B, as it results from the line slope.
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Figure 5.20: Mean values of a) SW and LW ARF at BOA and TOA and b) the net heating rate within the atmosphere,
along with their SD for the three Schemes applied in the total set of the studied cases. The inserted box depicts the line
slope.
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In order to further explain the difference of sign in the net heating rate of Scheme C, compared
to the two others presented in Fig. 5.20b, we plotted the aforementioned parameter along with the base
layer height, the AODs3. and the layer thickness of each case as presented in Fig. 5.21. Taking into
account that the effect of net heating rate of the vertical distributions, from negative to positive values,
is more pronounced close to surface at small SZA values, the estimations of BOA at 25° SZA were
selected to be presented in this graph. It becomes clear that the sign of the net heating rate at BOA
depends on the dust vertical structure and the AOD. More precisely, the majority of the cases having
low AODs3» values (< 0.2) and low layer thickness (< 2 km) give negative net heating rate values.
Additionally, the higher the AOD the higher the absolute value of the net heating rate.

Concerning the base layer height, it plays a key role to the absolute net heating rate of each case,
since dust layers close to the ground take higher absolute net heating rate values. For example, let us
examine two events which occurred during the same month (August). The first dust event with a layer
base at 2.8 km, 0.73 km thickness and AODs3 equal to 0.01 has a heating rate of -0.17 K day™, while
the second one, with layer with base at 3.8 km, 0.66 km thickness and AODs3; equal to 0.02 has a net
heating rate of almost zero (-0.03 K day™). In another comparison, net heating rate values of -0.02 K
day* versus +0.09 K day* are reported for two layers, during summer time that have almost the same
base (2.6 km and 2.5 km) and thickness (2.3 km and 2.4 km) but different AODs3 values (0.08 and
0.34 respectively). Finally, a combination of high AODs3, (0.21 — 0.83) and high thickness (2.1 — 5.5
km), two parameters that are usually directly dependent, along with low base height (1.0 — 1.5 km),
give high net heating rate values with positive sign ranging from +0.06 to +0.26 K day™.
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Figure 5.21: Net heating rate values per case of Scheme C estimated at BOA, 25° SZA versus base layer height. The
horizontal colorbar indicates the AODs3; values and the vertical symbol thickness indicates the layer thickness.

Figure 5.22 (a-c) depicts the same results as in Fig. 5.20a but for each of the three identified
clusters: BB and dust, mixed Saharan dust Saharan dust. The ARF in the SW range is negative both in
the BOA and TOA for all clusters and is dominated by large dust particles of the Saharan dust episodes
(Fig. 9c, Scheme A: -22.5+16.7 W m™, Scheme B: -34.0+£37.0 W m2, Scheme C: -49.2+50.9 m™ for
BOA, and Scheme A: -2.5+2.1 W m’?, Scheme B: -4.4+5.2 W m2, Scheme C: -12.1+14.4 m*for TOA,
SZA 25°), whereas mixed layer with biomass burning aerosols have significantly lower cooling effect
(Fig. 9a, Scheme A: -6.2+4.0 W m2, Scheme B: -19+9 W m, Scheme C: -4.8+3.5 W m for BOA,
and Scheme A: -0.5+0.4 W m, Scheme B: -2.0£1.3 W m, Scheme C: -0.7£0.5 m for TOA, SZA
25°) for each of the three applied Schemes. ARF seems to be inversely proportional to the mixing ratio,
since higher absolute values are estimated for less mixed dust layers. This can be directly linked to the
fact that RF values strongly depend on opar, Bparand AOD that take much higher values for the Saharan
dust cluster as already reported (see Table 5.2).

Focusing now on the SW range, the cooling effect for Scheme A of the Saharan dust cluster is
up to 3 times higher compared to the BB and Saharan dust one, whilst the cooling effect for Scheme
C of the former cluster is up to 10 times higher compared to the latter one. Also, the cooling effect of
Scheme B becomes stronger with the decreasing mixing state but with a lower magnitude (the former
cluster is almost 2 times higher compared to the latter). Hence, even though the cases included in the
Saharan dust cluster usually take higher mass concentration values than the other cases, as predicted
by BSC-DREAMSb (Scheme A), LibRadtran seemingly still underestimates the intensity of strong
transported dust episodes over the observation stations. On the contrary, Scheme C is the most sensitive
to the mixing state. To explain this result one should consider that on the one hand, spheroidal particles
such as dust have larger surface area than spherical ones such as BB aerosols leading to larger AODs
(Haapanala et al., 2012) and consequently to increased negative ARF and on the other hand, the
Schemes A and B involve greater assumptions concerning dust particles than Scheme C.
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Figure 5.22: Mean values of SW and LW ARF at BOA and TOA and along with their SD for the three Schemes applied
regarding the mixing state, namely a) BB & Saharan dust, b) Mixed Saharan dust and c¢) Saharan Dust. The dotted line
represents the ARF zero value.

Finally, our interest is focused on the vertical ARF profiles from the surface (a.s.l.) up to 10000
m height in the free troposphere, where airborne dust is usually found, as estimated by Scheme C at
45° SZA per station. The ARF profiles, in the SW region, presented in Fig. 5.23 (a-d), follow the
aerosol extinction vertical structure, with comparable peaks. The ARF values at the BOA are high in
absolute values showing a cooling behavior and decrease with increasing height, while their magnitude
is proportional to the aerosol load in the whole atmospheric column. Specifically, the ARF ranges from
-150.0 to -1.9 W m™ for Granada, from -38.1 to -3.7 W m2 for Potenza, from -64.8 to -13.2 W m2 for
Athens and from -90.3 to -28.4 W m for Limassol. The corresponding ranges of assz are 0.286—0.029
km?, 0.268-0.088 km™, 0.135-0.078 km™ and 0.547-0.214 km™, respectively. Peaks in os32 are
observed usually between 2000 and 6000 m a.s.l. indicating the intrusion of dust, which leads to a
decrease in the solar radiation reaching the surface.
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Figure 5.23: Vertical profiles of ass, calculated from Raman lidar measurements along with the SW ARF estimated from
LibRadtran simulations for the sites of: a) Granada, b) Potenza, c) Athens and d) Limassol, at 45° SZA.
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5.4 Aerosol optical and chemical properties of a 3-day lasting dust episode

An intense 3-day lasting Saharan dust episode, that occurred between 26-28 May 2014 over
Athens was chosen to be further analyzed not only for the optical but also for the chemical aerosol
properties. In this period, according to the FLEXPART model (7-day air mass backward simulations,
cf. Sect. 4.4) the air masses sampled over Athens originated from the desert dust regions of Morocco,
Algeria and Tunisia (with a total residence time over the Saharan desert of the order of 72 hours per
day, cf. Fig.5.24; thus, being enriched with dust particles), pass over the Mediterranean Sea before
being detected over Athens between 1000 and 5000 m height.
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Figure 5.24: 7-day air mass backward FLEXPART simulations for 26-28 May 2014. Particles are released at a uniform
rate during a 3-hour interval from 0 to 500 m a.s.l. height, reaching over Athens between 2000-4000 m. The air mass
residence time along the trajectory over each site is shown in hours. The chart is plotted with X axis (longitude) and Y axis
(latitude).

In Fig. 5.25 we present the range-corrected lidar signal (RCS) observed at 1064 nm over
Athens, from 26 May (06:00 UTC) to 28 May (09:00 UTC) 2014. During 26 May (06:00-14:00 UTC)
an extremely intense dust layer is detected between 2000 and 4000 m, with less intense dust layers
above (up to 5000 m) and below (down to the top of the Planetary Boundary Layer (PBL) at ~ 1100
m). Later the same day (18:00-22:00 UTC) the dust layer becomes less dense, extending from 4000 m
height down to the top of the nighttime PBL (~500 m). The following day (27 May) during daytime
(06:00-14:00 UTC) the dust layer intensifies around 2500 m height, while continuing its decrease from
3000 m height down to the top of the daytime PBL (~2000 m). Again, during nighttime (18:00-22:00
UTC) the dust layer continues to descent and stays between 2500 and the nighttime PBL (~500 m).
The next day (28 May) the dust layer intensifies again after 08:00 UTC and expands in two distinct
layers (between 1000 and 2000 m and between 3500 and 4500 m during the nighttime period (18:00-
22:00 UTC), where clouds appear over the upper dust layer, between 5000 and 7000 m.

——26/05/2014 1T 27/05/2014 1T 28/05/2014—
6000 -
@ 4000 |
PR
= zooo\"\ - 9
2.
1000
P “
o =il k ————— . _ ts
06:00 08:00 10:00 12:00 14:00 19:00 20:00 21:00 22:00 06:00 08:00 10:00 12:00 19:00 20:00 21:00 22:00 06:00 08:00 10:00 12:00 14:00 19:00 20:00 21:00 22:00
Time (UTC)
N T 5. 104)
0 1 2 3 4 5 6 [ { 8 9

A.U.
Figure 5.25: Spatio-temporal evolution of the range-corrected lidar signal observed by EOLE at 1064 nm over Athens,
from 26 May (06:00 UTC) to 28 May (22:00 UTC) 2014,
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In Fig.5.26 we present the spatio-temporal evolution of the vertical profiles of the aerosol
optical properties: (a), (b) and (c) Paer at 355, 532 and 1064 nm, respectively; (d) and (e) ozer; (f) and
(9) LRs at 355 and 532 nm, respectively; (h) and (i) aerosol Angstrom exponent-related to backscatter
for the pairs 355/532 nm (AEnbssss32) and 532/1064 nm (AEbssz10e4), as Well as the AE extinction-
related (AEasssis32). The LR values range from 35-55 sr (355 nm) and 30-52 sr (532 nm).

The corresponding AEasssis32 values (Fig. 5.26j) are below 1 from 2000 to 4500 m height,
indicating the presence of large particles (mean value of 0.64+0.18). The strength of the dust event can
also be clearly shown by the small values (<1) of AEnsssss2 during daytime of 26 and 27 May.
Moreover, lidar depolarization measurements performed during the same period in the frame of the
Hygroscopic Aerosols to Cloud Droplets (HygrA-CD) campaign (http://hygracd.impworks.gr)
(Papayannis et al., 2017) at 532 nm (Fig. 5.26k) showed mean Jps32 values ranging from 15 to 22%
within the dust layer, depending on the intensity of the episode. These values are typical for long-range
transported dust particles and/or dust mixtures measured over Greece and the N, NE and central Europe
(Papayannis et al., 2014; Gro8 et al., 2015; Haarig et al., 2017).
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Figure 5.26: Vertical profiles of the aerosol optical properties (26-29 May 2014): (a,b,c) Baer at 355, 532, 1064 nm,
respectively; (d,e) oaer cOefficient at 355, 532 nm; (f,g) LR at 355 and 532 nm; (h,i,j) AEpssis32), AEnsz2i1064) aNd AEaessisa2);
(k) &y at 532 nm. The indicated time of the measurements is given in UTC.
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The WRF/Chem model reproduces successfully the spatial distribution and the time evolution of the
3-day episode (Fig. 5.27). The highest dust concentrations (130-350 ug/m?®) are simulated on 26/05,
when winds from SW prevail. The layer is simulated between 1.0 and 4.5 km. On 27/5, dust
concentrations are lower (up to 150 pg/m®), especially during the afternoon hours. This day is
characterized by western winds and higher wind speeds during the afternoon hours (8-15 m/s up to 4
km). On 28/5, the winds are from the W-NW sectors and more unstable conditions prevail. The PBL
reaches its maximum height (~2 km, afternoon, cf. Appendix C). Dust aerosols (50 - 100 pg/m®) are
mainly confined above the PBL while inside the PBL the concentrations are < 100 pg/m?>,

The highest sea salt concentrations (up to 3 pg/m®) appear on 27/5 when the strongest wind
prevails with sea origin. They also reach the NTUA station when the PBL becomes deeper, during late
afternoon. The layer of sea salt at higher altitudes that is visible every day, is a result of the intense
wind activity in long distance south of the Attica peninsula (over the open sea).

During morning and night hours EC and organics accumulate up to ~500 m due to the calm
and stable conditions that prevail at lower altitudes. The highest surface concentrations at NTUA are
~10 pg/m® for EC and 6 pg/m® for organics (on 27/5). The SO4 concentrations at NTUA are
<10 pg/m?®,
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Figure 5.27: Spatial evolution of the cross section 23.79630 E of a) dust b) sea salt, c) Elementary Carbon (EC), d) SO4
and e) organic concentrations over the Greater area of Athens (37.6-38.3° N) for 3 selected hours: 06:00, 14:00 and 18:00
UTC. The location of the NTUA station is mentioned with a red star.

5.5 A Special case of a biomass burning (BB) event over Athens- Spherical
aerosols

During the period 2014-2017 a few simultaneous measurements were performed by the EOLE
lidar and the CIMEL sun photometer within AERONET over Athens, Greece. We selected to analyze
a representative Biomass Burning (BB) event occurred on 25 June 2015.
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Here, the UP Spherical inversion algorithm was applied to selected layers on the vertical profiles
obtained by EOLE, in order to retrieve the aerosol microphysical properties. This method has been
developed in the framework of EARLINET (Miiller et al., 2016)and is based on explicitly solving the
mathematical equations that relate the particle microphysical and optical properties by means of
regularization techniques. Forward computations using tables containing microphysical versus optical
properties are not carried out, having the advantage that particle size distribution shape is not assumed
as input, but approximately calculated as output. Based on the SCC (see Sect. 4.1) calculated aerosol
optical properties (a dataset of 3b + 2a profiles is used as input to this algorithm), the aerosol
microphysical properties Refr, SSA, Rl and u: were retrieved by the Spherical Inversion algorithm
developed at the University of Potsdam (UP), (Béckmann et al., 2005; Samaras et al., 2015; Miiller et
al., 2016).

The 5-day air mass backward trajectories arriving over Athens on 25 June 2015, at 19:00 UTC
between 1.5-2.6 km, based on the HYSPLIT model, are shown in Fig. 5.28a. The corresponding hot
spots of possible fires and thermal anomalies observed by Terra/MODIS (cf. Sect. 4.8) are shown in
Fig. 5.28b. Based on the air mass trajectories along Germany-Slovenia-S. Italy, we have strong
indications of the existence of BB aerosols mixed with anthropogenic ones, resulting in strong
absorbing particles.
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Figure 5.28: a) 5-day air mass backward trajectories arriving over Athens on 25 June 2015 at 19:00 UTC (NOAA
HYSPLIT model) and b) Terra/MODIS/ true color image fire map for the period 20/06/2015-25/06/2015
(https://firms.modaps.eosdis.nasa.gov/map).

Meters AGL

The nighttime measurements of EOLE detected layers between 1000 and ~3000 m height
(Fig. 5.29a). The aerosol profile was separated into four distinct layers based on the relatively stable
optical properties (Figs. 5.29b, ¢, d and ) within each height range, where the values of LR and AE
remain nearly constant. To retrieve the aerosol microphysical properties, we used the mean values of
the B and a coefficients that are shown in Table 5.8.
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Figure 5.29: a) Temporal evolution of the range-corrected lidar signal (RCS) at 1064 nm observed by EOLE over Athens
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https://firms.modaps.eosdis.nasa.gov/map

Focusing on the fine mode of each layer (particle radius ranging from 0.01 to 1 um), the mean
aerosol microphysical properties (CRI, ui, Rest, and SSA) along with their SD, derived for 25 June
2015, are presented in Table 5.9. A grid of complex refractive indices was applied (ranging from 1.4—
1.6 in real part and 0i-0.02i in imaginary part). High imaginary parts (~0.015i) of CRI indicate the
presence of absorbing particles, in accordance with the retrieved SSA values.

Table 5.8: Mean aerosol optical properties at four selected layers with variable thicknesses (25 June 2015). The mean
values of b and a coefficients were used as input to the Spherical Inversion algorithm.

Layers Thickness B (355/532/1064 nm)  a (355/532 nm) LR (355 nm)  AEbsss/bss2/ AE/bs32/b10s4)
(km) (km) (Mm=sr?) (Mm™) (sr)
A (1.5-1.6) 0.1 3.404/1.586/0.725 251.053/200.216 48+1 2.2120.02 /1.12%0.01
B (2.2-2.5) 0.3 1.663/0.537/0.204  99.652 / 82.302 S8+3 2.34%0.05/1.45+0.04
C (2.5-3.0) 0.5 1.491/0.513/0.170  67.512/60.795 465 2.12+0.18 / 1.58+0.03
D (1.5-3.0) 15 2.141/0.723/0.291  113.190/91.522 53+7 2.18+0.14/1.39+0.19

Table 5.9: Mean aerosol microphysical properties of the four selected layers with variable thicknesses derived from EOLE
lidar data of 25 June 2015.

Layers CRI Ut Reft SSA
(km) (um®cm3/pm) (nm) (355 and 532 nm)
1.517+0.008 0.914+0.004
A (1.5-1. 24.37+0.2 .173+0.002
((5e1e) 0.0151+0.0021 37+0.27 0.173+0.00 0.924+0.003
1.500+0.009 0.918+0.006
B (2.2-2. 10.23+0.1 .186+0.002
( 5 0.014i+0.003i 0.2320.15 0.186+0.00 0.928+0.005
1.510+0.011 0.904+0.017
5-3. .50+0. 217+0.
C(25-30) 0.015i+0.0031 7.50£0.13 0.217+0.003 0.921+0.012
1.513+0.008 0.912+0.002
D (1.5-3. 11.31+0.1 .181+0.
(Rt 0.0151+0.0021 312013 0.1810.003 0.923+0.002

For a direct comparison of the columnar volume size distribution retrieved from the EOLE lidar
data with the one derived from the inversion of the CIMEL sun photometer AERONET data (Sect.
3.6) over Athens on 25 June 2015, we found that the air masses arriving over our site followed the

same paths during the time of the closest-if@ime sun photometer (15:07 UTC) and lidar (18:30-20:30

UTC) measurements, indicating that the aerosol variability between the two measurements was not
significant. The comparison of the results of their mean aerosol optical properties and their size

distribution are shown in Figs. 5.30 (a-c), respectively.
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Figure 5.30: Comparison of the mean aerosol optical properties of a) wavelength dependent AOD from CIMEL-
AERONET (total mode, level 1.5) and for EOLE lidar, b) mean AE values from CIMEL-AERONET and EOLE lidar,
along with their standard deviation, and c) aerosol size distribution derived from CIMEL data (radius: 0.05-11 um) and

lidar data (radius: 0.01-3 wm) obtained over Athens (25 June 2015).




Chapter 6: Conclusions

The aim of this Ph.D. Thesis was to study the aerosol optical, geometrical as well as the
microphysical properties along with their impact in radiative effect. We especially focus on long-range
transported dust events over selected Mediterranean cities (EARLINET stations) and we extensively
study the aerosols’ aging and mixing properties.

In the first part of this Thesis we presented a comprehensive analysis of the seasonal variability
of the vertical profiles of the optical and geometrical properties of Saharan dust aerosols, observed in
the height region between 1000 and 6000 m, over the city of Athens, Greece, from February 2000 to
December 2017 (18 years of measurements). These observations were performed by a multi-
wavelength (355-387-532-1064 nm) Raman lidar system under cloud-free conditions. The statistical
analysis (using aerosol monthly mean values) was based on nighttime vertical Raman measurements
of range-resolved aerosol optical properties (backscatter and extinction coefficients, lidar ratio,
Angstrom exponent) at 355 nm (59 dust events during more than 80 measurement hours).

We found that the number of dust events was highest in spring, summer, and early autumn
periods and that during spring the dust layers were moved at higher altitudes (~4500 m) than in other
seasons. The number of the forecasted dusty days (on monthly basis) by the BSC-DREAMS8b model
compared to those of the performed lidar measurements were found to have a quite strong correlation
(R?=0.81), with a maximum occurrence predicted for the spring season. In the worst-case scenario, at
least 50% of the model-forecasted dust events can be observed by lidar under cloudless skies over
Athens. For the sampled dust plumes, we found a mean LRasss value of 52+13 sr in the height range
2000-4000 m a.s.l. considering that the dust layers had a mean thickness of 2497+1026 m and a center
of mass of 2699+1017 m.

An analysis performed regarding the air mass back-trajectories arriving over Athens revealed
two main clusters: one pathway from south-west to north-east, with dust emission areas in Tunisia,
Algeria and Libya and a second one from south, across the Mediterranean Sea with emission areas
over Libya and the remaining part of Algeria and Tunisia. This clustering enabled us to differentiate
between the aerosol optical properties between the two clusters, based on their residence time over the
Saharan region, the European continent and the Mediterranean Sea. We finally concluded that even if
the dust source regions are about the same, the aging and mixing processes of these air masses, passing
over different areas, might have an impact on the aerosol optical properties.

The characteristics of aerosol layers dominated by dust optical, geometrical, and radiative
properties over the Mediterranean region were also presented in this study. A total of 51 independent
aerosol lidar measurements of Saharan dust events, studied over 4 southern European cities (Granada,
Potenza, Athens and Limassol), were carefully selected and analyzed. The dust layers were usually
observed between ~1.6 and ~5 km with 8,53, and LRs3, values ranging from 0.16 to 0.35 and from
35 to 73 sr respectively, depending on the air mass mixing state. Significantly high AOTs;, values
(0.40 £ 0.31) were found for Granada indicating that the dust outbreaks occurring over this area were
more intense during the studied period. Results of LRs3, versus 6,53, are presented in order to
elucidate the difference of pure dust and dust mixtures cases. Layers with lower 8,53, (0.17 + 0.01),
AOTs3, (0.03 £ 0.02) and thicknesses (786 + 212 m) values have shown high dust mixing ratio,
while the properties of the least or no mixed dust layers (8,53,=0.32+0.02, AOTs3,=0.32+0.23 and
thickness=3158+£1605 m) are in a good agreement with literature findings for pure Saharan dust cases
(Tesche et al., 2009; Papayannis et al., 2009; Ansmann et al., 2012; Mona et al., 2012; Gro8 et al.,
2011; 2013). Lidar stand-alone retrieved aerosol microphysical properties like the Res, RRI and IRI
are also differentiated by the level of mixing.
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Despite the numerous individual studies, the uncertainty in estimating the aerosols effect in
climate change remains high. Therefore, coordinated and simultaneous studies using data from
observation sites operating continuously, such as the EARLINET database are necessary for
investigating the climatic effect of aerosols in a larger scale. Three Schemes have been implemented
in our study to evaluate the ARF during the selected dust outbreaks: the model mass concentrations by
BSC-DREAMS8b (Scheme A), the vertical mass concentrations calculated from the dust-only
component of the Bs32 (Scheme B) and the as32 vertical profiles along with the mean AOTs3, values
(Scheme C).

Lidar derived Schemes B and C are used here as input methods in LibRadtran simulations, since
not many techniques have been widely used for retrieving the ARF using lidar vertical measurements
as input. Their outputs are compared to the ones retrieved from Scheme A. On the one hand, Scheme
B gives the opportunity to calculate only the DRF, even though many assumptions and constants are
included in the calculation of the dust mass concentration values. On the other hand, Scheme C is more
direct, since the as32 profiles are primarily used for retrieving the ARF in the SW range, but without
providing a separation of dust and non-dust components. Consequently, the ARF values of Scheme C
seem to be overestimated compared to those of Scheme B. These two implemented Schemes can
contribute to the characterization of the aerosols’ radiative forcing effects over the Mediterranean
region, being one of the most sensitive regions to climate forcing (Kim et al., 2019). Scheme A is only
recommended for cases were no lidar measurements are available but an estimation of the ARF is
required, while one should take into account all the possible underestimations and a model such as
BSC-DREAMBSD includes.

The ARF variations are strong (of the order of 75%) and result from significant changes in the
lidar retrieved optical properties due to the different intensities of the studied cases (ass,, Bsso,
AOTs3,) or the model mass estimations from the BSC-DREAMS8b. Additional variations (of the order
of 40%) in the SW range are introduced due to the variations in the available solar radiation during
day (SZA). The vertical structure of a layer that provides information about the base, the thickness and
the intensity (AOT) of a dust layer is critically important, while additional information of its mixing
state can be also significant in ARF and net heating rate estimations. Our findings show a much more
pronounced ARF at the BOA (ranging from -40 to -13 W m2 at SZA 25°, from -43 to -14 W m at
SZA 45° and from -44 to -15 W m at 65°) compared to the one at the TOA (ranging from -9.5 to -1.4
W m2 at 25° -16 to -3.3 W m at 45° and -24.3 to -6.9 W m™ at 65°) due to the low altitude of the
studied layers (usually 2-4 km).

The systematic use of remote sensing vertical profiling measurements as input to radiative
transfer models is stressed in this study, creating an essential tool allowing the estimation of the
radiative effects produced by different aerosol types such as dust and its mixtures on a regional and a
global scale. A further investigation of aerosols’ mixing state is needed since, not only their optical
but also their microphysical properties and radiative forcing can strongly vary, depending on the
mixing types. Furthermore, we recommend that the use of remote and in situ measurements in the next
generation state-of-the-art dust cycle models for the ARF should be intensified.
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Appendix B

Table I: Optical and microphysical properties found in the literature about transported Saharan dust events detected in Europe, Morocco and Cape Verde used to compare with our findings.

Reference Region Technique Type LR (A) B-AE (A) a-AE (A) dp (A) RRI (A) IRI (A) SSA (A) Feff
60 — 100 sr
(Mattis et al., Leipzig (51.3°N, . (355 nm) 0.15-0.25
2002) 12.4°F) Lidar Dust 50— 80 sr (532 nm)
(532 nm)
(Papayannis et Athens (37.9°N, . 53+1 sr
al., 2005) 23.8°F) Lidar Dust (355nm)
(Guerrero- o
Granada (37.16° N - 41— 45sr 0.15-0.25
Rascado et al., S ’ Lidar Dust
2008) 3.61°W) (532 nm) (532 nm)
(Guerrero- o B -0.4-05
Rascado et al., Grangdgl(f &;6 N, Lidar Dust S(gszisrs)r (355/532
2009) ) nm)
0.26+0.06
(355 nm)
0.30+0.00
(Freudenthaler | Quarzazate, Morocco . (532 nm)
etal., 2009) = (30.94°N, 6.91° W) Lidar Pure dust 0.28+0.05
(710 nm)
0.27+0.04
(1064 nm)
0.0031 —
1.550 — 1.565 0'00351)(450
(Petzold et a (450 nm) 0.0016 —
Petzold etal., | S Morocco (30.93°N, . 1.549 - 1.561 y
2009) 6.91° W) In Situ Dust (550 nm) 0.00rz]lri)(SSO
1.546 -1.555
(700 nm) 0.0003 —
0.0025 (700
nm)
Santa Cruz de
Tenerife (28.5° N, 0.10 -0.15 um
(Cordoba- 16.2° W); Lidar and 45 70 st (fine)
Jabonero et El Arenosillo In situ Pure dust (532 nm) 1.06- 172 um
al., 2011) (37.1°N, 6.7° W); ' (coafse)“
Granada (37.16° N,
3.61°W)
(Bauer et al., Praia, Cape Verde . 0.92+0.07
2011h) (1495°N, 23 49°w) | MSitu - Puredust (532 nm)
105
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58+7 sr 0.25+0.03
(GroB et al., Praia, Cape Verde Lidar Dust (355 nm) (355 nm)
2011) (14.95° N, 23.49° E) 62+5 st 0.30+0.01
(532 nm) (532 nm)
0.2+0.3
(355/532 0.31-0.10
. 53+10 sr 0.2+0.3
(Tesche et al., Praia, Cape Verde . nm) (532 nm)
2011) (14.95° N, 23.49° E) Lidar Dust (35r15r'n§32 0.45+0.16 (3?1% ?32 0.37+0.07
(532/1064 (710 nm)
nm)
0.7+0.3
0.15-0.05
. 67+14 sr (355/532 0.7+0.4
(Tescheetal., | Praia, Cape Verde Lidar  Dustsmoke = (355, 532 nm, (3550532 | (932nm)
2011) (14.95° N, 23.49°E) 0.2+0.1
nm) 532/1064 nm)
nm) (710 nm)
1.550+0.002 0.004=+ 0.002
(467 nm) (467 nm)
(Weinzierl et Praia, Cape Verde . 1.550+0.002 0.003+0.002
al,2011) = (1495°N,2349°F) = 'Msit Dust (530 nm) (530 nm) 1.21£0.32 pm
1.546+0.002 0.001 £0.001
(660 nm) (660 nm)
(Weinzierl et Praia, Cape Verde - 4245 sr
al., 2011) (14.95° N, 23.49° E) Lidar Dust (532 nm) 0.22+0.04
0.93+0.01
. 440 nm)
(Toledano et Praia, Cape Verde (
o o Photometry 0.98 -0.99
al., 2011) (14.95° N, 23.49°E) (670, 1020
nm)
0.4+0.6
) 45%11 sr (355/532 0.040.2
(PreiBler et Evora (38.57° N, Lidar Dust (355 nm) nm) (3'55 /5'32 0.28+0.04
al., 2011) 7.91° W) 53+7 (532 0.4+0.2 am) (532 nm)
nm) (532/1064
nm)
0.88+0.03
(Valenzuela et Alboran Island Photometr (440 nm)
al., 2014) (35.95°N, 3.03° W) y 0.910.03
(1020 nm)
(Bravo- o 0.840.1
Aranda et al., Grane;dgl(f \7)\/1)6 N, Lidar Dust (355/532 (25139; grg)3
2015) ) nm)
106
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(Denjean et Western Airborne Dust 1.50-1.55 0.000 - 0.005 0.90 - 1.00
al., 2016) Mediterranean Basin In situ (530 nm) (530 nm) (530 nm)
0.001-0.013 0.86 —0.95
. (355 nm) (355 nm) 0.10-0.13 um
gfr';a;’teglt Granada (37.16°N, Lidar and Dust (503;27106% . 152-155  0.002-0.004  0.90-096 (fine)
2017) v 3.61°W) Photometry nm) [355, 1064 nm] (640 nm) (640 nm) 2.2-2.4 um
0.001 - 0.003 0.96 — 0.99 (coarse)
(1064 nm) (1064 nm)
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Table I1: Mean optical and microphysical properties of the 51 selected cases of the EARLINET database (Granada, Potenza, Athens and Limassol stations). *The term of
mixing refers to the hours the trajectories travelled after leaving African Continent. **The type of mixing was based on the HSRL classification provided by Grop et al., (2013).

AE
No Date (Spé) Station '\(/rl:ﬁg; Type** ?;S)e -(I—r%? P E?@'z"nlriﬁl) ?5(31\24rlwnm1]) [%sal?zfnr])] [252(:1/2] [552/1064m] [52\2121] [5?2Frz1lm] [5?!§nlm] [525,28? mp e
1 17-022014 1900  Potenza 24 DustMix. 1030 3130  1240.50 87427 S6+8 0294004  0.30:0.08 0.16 15 00022 09762 044
2 07-042014 1800  Potenza 108 DustMix. 3790 6850  0.53+0.10 1148 35610 028004 078:0.23 0.03 14 00030 09761  0.25
3 26052014 2000  Athens 3642  DustMix. 2603 4402  0.73:0.8 42:8 61410 025:005  0.72:0.08 0.08 14 00082 09360  0.33
4 27052014 2000  Athens 60 DustMix. 1562 3127  0.70:0.37  35+23 S6£18 024006 117:011 0.07 14 00080 09411  0.25
5 28052014 2000  Athens 4854  Sah.Dust 2003 3578  0.60:0.04 4617 51412 0312008  1.58+0.25 0.07 15 00082 09158  0.49
6 20052014  07.00  Athens 24 DustMix. 1800 2700 144021 N/A N/A 0.2940.05 N/A N/A N/A N/A N/A N/A
7 17062014  21.00  Athens 1824  Sah.Dust 4022 5642 077055 9229 4659 0.34£0.07 NIA 0.16 15 00032 09674  0.39
8 18062014  21.00  Athens 1824  DustMix. 2520 4913 093057 138246  54£12 021003  0.13:0.06 0.34 15 00032 09672 040
9 07-072014 2100  Potenza 16 Sah.Dust 1030 5530  0.630.11 45423 51413 035:003  0.26+0.18 0.19 15 00032 09671  0.45
10 08072014 2100  Athens 30 DustMix. 1382 4382  099:039  56+20 65+33 N/A 0.77+0.14 0.17 N/A N/A N/A N/A
11 21082014 1900 Potenza 3036 ~ BB&Dust 2830 3490 132023 3418 50418 0.18:001  0.67:0.15 0.02 15 0.005 09493 024
12 24112014 2100 Potenza 8490  BB&Dust 1270 1870  100£023 8918 7357 0176001  052+0.08 0.06 15 0.005 09497 025
13 06072015 2100  Granada 7278  BB&Dust 1411 5581  0.67+0.13 N/A N/A 0.17£0.01  -0.01:-0.09 NIA NIA NIA NIA NIA
14 09072015 2100  Granada 2430  BB&Dust 2184 2986  0.99:0.15 3342 4059 0162001  0.29:0.04 0.03 15 0.005 09661  0.28
15 30072015 2200  Potenza 30 DustMix. 3730 6550  1.10£0.29 3046 59417 022:003  0.68+0.09 0.07 15 00042 09582  0.36
16 20082015 2100  Granada 2430  BB&Dust 3759 4486 0.44£15 1346 4126 0.16£001  0.13:0.13 0.01 14 00032 09707  0.39
17 31082015 1000  Granada 4854  DustMix. 1306 4471  3.00+1.24 N/A N/A 0.20.01 0.0040.23 NIA NIA NIA NIA NIA
18 03092015 2100  Potenza 96 DustMix. 1390 2170 1555025 9316 54511 023:004  0.38+0.02 0.08 15 00022 09760  0.36
19 07-092015  10.00  Limassol 108-114 DustMix. 2051 3616  688£221  287+73 4059 0.28+0.03 NIA 0.45 NIA NIA NIA NIA
20 09092015 2000  Limassol 108-114 DustMix. 1001 2044  187:040 141419 5357 027:0.03 N/A 0.15 N/A N/A N/A N/A
21 10092015 1800  Limassol 114120 Sah.Dust 1106 2381  837+2.84  379:112 4857  033x0.03 NIA 0.48 NIA NIA NIA NIA
22 11092015  19.00  Limassol 108 DustMix. 2051 3776  190£047 10131 5310  0.290.07 N/A 0.18 N/A N/A N/A N/A
23 14002015 1200  Potenza 3642  DustMix. 2410 3310  1.67:0.60 N/A N/A 0.19£0.02  0.29+0.08 N/A NIA NIA NIA NIA
24 15:02-2016 1800  Potenza 12-18  Sah.Dust 1030 3730  381£2.60 122488 5418 033:003  0.77+0.20 0.20 N/A N/A N/A N/A
25 22022016 1400  Potenza 30 DustMix. 1570 2710  236+1.14 NIA NIA 0176001 126:0.12 NIA NIA NIA NIA NIA
26 04042016 1800  Athens 9096  DustMix. 1022 3242  0.76:0.14  31+I3 40£12 N/A 0.85:0.07 0.07 N/A N/A N/A N/A
27 04042016 1900  Potenza 60 DustMix. 1030 4330  126£0.85 5833 50415 023005 0.80:0.37 0.17 15 00022 09762 044
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28 11-04-2016 18.00 Athens 30 Dust Mix. 2027 2755 0.80+0.07 30+12 3545 N/A 1.34+0.04 0.02 N/A N/A N/A N/A
29  11-04-2016 21.00 Potenza 30-36 Dust Mix. 1750 2890 1.01+0.37 6247 53+12 0.28+0.05 0.37+0.09 0.05 15 0.0032 0.9640 0.49
30 09-05-2016 19.00 Athens 54-60 Dust Mix. 1794 3054 0.51£0.16 2646 62+14 N/A 0.89+0.24 0.04 N/A N/A N/A N/A
31 26-05-2016 19.00 Potenza 30-36 Dust Mix. 3430 4930 0.60+0.40 N/A N/A 0.27+0.06 0.4+0.13 N/A N/A N/A N/A N/A
32 09-06-2016 01.00 Granada 42 Dust Mix. 1059 5259 2.68+1.10 123443 50+9 0.27+0.05 0.25+0.28 0.44 15 0.020 0.9799 0.38
33 23-06-2016 20.00 Potenza 48-54 Dust Mix. 3490 5410 2.03+0.8 85+21 47+16 0.36+0.03 0.84+0.33 0.20 14 0.0032 0.9665 0.42
34  23-06-2016 21.00 Granada 126 Dust Mix. 1306 4651 0.82+0.18 65+38 64+10 0.27+0.05 0.18+0.16 0.21 15 0.0042 0.9721 0.29
35 24-06-2016 04.00 Granada 66 Dust Mix. 1006 5371 0.84+0.30 73£55 53+18 0.26+0.05 0.39+0.12 0.22 15 0.0022 0.9768 0.42
36 04-07-2016 20.00 Granada 30 Dust Mix. 2941 4779 0.54+0.30 3243 44+15 0.210.02 0.58+0.17 0.02 N/A N/A N/A N/A
37 11-07-2016 14.00 Granada  48-54 Dust Mix. 1261 3256 1.81+0.30 N/A N/A 0.21+0.02 0.66+0.12 N/A N/A N/A N/A N/A
38 18-07-2016 21.00 Granada 60 Dust Mix. 1111 5881 1.96+1.49 136+66 57424 0.28+0.04 0.18+0.18 0.4 15 0.0032 0.9798 0.24
39 19-07-2016 22.00 Granada  24-30 Sah. Dust 1111 6631 1.35+0.33 91429 60+14 0.30+0.03 -0.07+0.19 0.39 1.4 0.0030 0.9817 0.32
40  20-07-2016 22.00 Granada  36-42 Sah. Dust 1209 5746 1.44+0.27 96+32 53+11 0.30+0.02 0.06+0.02 0.78 14 0.0040 0.9757 0.36
41 21-07-2016 00.00 Granada 42 Dust Mix. 1209 5709 3.58+1.48 185+60 54+9 0.29+0.02 0.18+0.11 0.80 1.4 0.0030 0.9825 0.27
42 19-09-2016 19.00 Athens 24 Dust Mix. 1082 2942 1.29+0.32 26+14 50+10 N/A 0.77+0.07 0.05 N/A N/A N/A N/A
43 20-02-2017 20.00 Granada 18 Dust Mix. 1276 4344 5.71£2.00 290+116 53+5 0.27+0.05 0.11+0.29 0.83 14 0.0030 0.9826 0.27
44 27-04-2017 20.00 Potenza 24 Dust Mix. 1030 3250 1.09+0.15 N/A N/A 0.35+0.02 1.31+0.12 N/A N/A N/A N/A N/A
45  08-06-2017 18.00 Limassol ~ 48-54 Dust Mix. 2051 4668 1.38+0.67 N/A N/A 0.26+0.07 N/A N/A N/A N/A N/A N/A
46 21-06-2017 07.00 Granada  78-84 Dust Mix. 1359 5244 0.78+0.40 N/A N/A 0.254+0.03 0.18+0.11 N/A N/A N/A N/A N/A
47  26-06-2017 20.00 Limassol  30-36 Dust Mix. 4166 6236 0.17+0.08 N/A N/A 0.22+0.02 N/A N/A N/A N/A N/A N/A
48  19-07-2017 20.00 Potenza 108 Dust Mix. 4090 7270 0.46+0.22 11£1 48+14 0.28+0.03 1.12+0.30 0.15 N/A N/A N/A N/A
49  20-07-2017 21.00 Potenza 108 Dust Mix. 3250 5350 0.78+0.33 2149 40+13 0.23+0.04 0.85+0.16 0.09 15 0.0042 0.9592 0.36
50 28-08-2017 19.00 Potenza 162 Dust Mix. 3130 5410 0.62+0.38 25+14 46£12 0.25+0.05 1.07+0.13 0.06 15 0.0032 0.9676 0.39
51 11-09-2017 18.00 Athens 18-24 Sah. Dust 1382 4920 1.67+0.32 6319 5316 0.32+0.03 0.79+0.11 0.23 15 0.0032 0.9668 0.41
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Appendix C

At NTUA Figure 11: Vertical wind speed
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