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IIpeamer: Mo.10a 3a moKpeTame MOCTYIIKA 3a peH300p y 3Bamk-¢ HAYYHH CapaIHUK

Monum Hayuno Behe Muctutyta 3a ¢usuxy y beorpany na, y cxiany ca [IpaBuiHukoMm o
CTHLIAhy MCTPAaKMBAYKUX M HAYYHUX 3Bamba MPOMHCAHOM O cTpaHe MHHHUCTapcTBa NMpOCBETE.
HayKe U TEeXHOJIOIIKOT pa3Boja, IOKPeHe MOCTYMAaK 3a MOj penu300p y 3Bambe HAyYHH capaIHHK.
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6. Cnucak 00jaB/beHHUX PaJI0Ba H HHHXOBE KOIHje

7. TlonaTke 0 LMTHPAHOCTH PagoBa

8. Konujy npepojia quIuiomMe JJOKTOpa HayKa U peliera 0 HOCTPU(DUKALUJU JUIIIOME
9. Konwujy pemema 0 MpeTxoHOM H300py U pen30opy y 3Bame

10. JlonatHe npuiiore 3a KBaIMTaTHBHY OLIEHY HAy4YHOT JOMPHHOCA
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Hay4nom Behy MHcTHTYTa 3a pusuky y Beorpaay
beorpap, 7. mapt 2022.

Ilpexmer: Mumuseme pykosoxnona iadoparopuje o pensdopy ap Maje Ky3manockn y
3Bambe¢ HAYYHH CAPaTHUK

Ap Maja Kysmanocku je 3anocnena y JlaGoparopuju 3a Gu3siKky >KMBOTHE CpeauHe
HuctutyTa 33 Qusuky y beorpany on deGpyapa 2011. roguue. Pajgu Ha Temama u3 o6macta
OnmTe ¥ MHTCPAMCLMIUIMHADHE (u3uKe ca MoceOHMM (DOKYCOM Ha AHANM3M ONTHYKMX
KapaKTepUCTHKA aTMOCHEPCKIX aepocoia NPHMEHOM METOAa JaJbUHCKE JeTeKIMje i MOoJela,
Kao M UCTIMTHBAY YTHIIAja MPUPOJHOT acpocoyia Ha KBAIMTET BasyXa.

C ob3upom jia KaHmMIaTKKUBba HCIyaBa CBe ycnose npeapuliene ITpaBmiHHKOM 0
CTHI[atby UCTPOKMBAYKHMX M HAYYHHX 3Barba MUHKCTApCTBA MPOCBETE, HAYKE M TEXHOJIOLIKOT
Pa3Boja, cariacan caMm ca TMOKPETameM MOCTyIKa 3a peusbop ap Maje Kysmanocku Y 3Bame
HAy4HH Capa/{HUK.

3a wiaHoBe KomHcHje 3a pen3bop ap Maje Kysmanocku y 3Bame HaydHHM capaJHuK
TIPEANaXKeM:

1. np Anexcannpa Huna, Bumm Hayunu capagsuk MHCTUTYTA 32 QH3HKY ¥ beorpany

2. np Hpenpar Konaps, Bumm Hay4Hu capagsuk MHCTUTYTa 32 GH3HKY y beorpany

3. mpod. mp Bmamummp Dypheeuh, Baupemnum npodecop OuzmuKor dakyirreta
VuuBepsurera y beorpany

Pykosopuian JlaGopatopuje 3a gusuky KuBOTHE cpeiuHe
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UnctutyT 32 Qusuky y beorpamy




2. CTPYYHA BUOTPA®UIJA KAHAUJATKHUILE

Maja Ky3manocku je pohena 18. 5. 1973. rogune y beorpany, rie je 3aBpiinia OCHOBHY U
cpeamy mkony. Crynuje puszuke Ha Ouznukom Qaxynrery YHuBep3utera y beorpany ynucana
je 1992. rogune. Jlutuiomupana je Ha cMepy Teopujcka u eKkcriepuMeHTallHa GHU3HKa y 1enemMopy
1998. ronune, ca nmpoceunom oreHoM 9,07. V majy 2000. ronuHe ymucania je MOCTAUIIOMCKE
cryauje Ha @usnukoM daxynrery YHusepsutera Hosu Jyxxuu Benc y Cunnejy, y Aycrpanuju,
y obnactu atmMocdepcke pusnuke. Y TOKy TOKTOPCKUX CTyauja, y mepuoay oz dedpyapa 2001.
no jyna 2004. rogune, O6wia je cruneHaucta Bnamge Aycrpammje (International Postgraduate
Research Scholarship). Jloktopupaina je y aeuemopy 2005. roauHe, o1 pyKOBOACTBOM TIpod.
ap Majkna bokca u ap I'ejn Bokc. HasuB nmokropcke mucepramuje je “@usznyuka W ONTHYKA
CBOjCTBa aTMOC(EPCKUX aepocoyia y eKCHepUMEeHTATHUM Kammamwama’ (Physical and optical
properties of aerosols from field campaigns). On maja 2005. no maja 2007. rogmne, Maja
Ky3smanocku je paauna xoHopapHo 3a Bay Area Environmental Research Institute (BAERI) y
Can ®pannucky, y Kanmudopuuju. ¥V Toky Tor nepuona je, y capaamu ca ap bearom llmugom
(BAERI) n np ®ununom Pacenom (NASA Ames Research Center) HacTaBwiia pajn y o0jacTu
ONTUYKHX KapaKTePHCTUKA aepocoyia U KHUXOBE YJIOre y KIMMAaTCKOM CHCTEMY. YTOpemo ca
OBUM aHTaXOBAamkEM, paJwWiia jé Kao HacTaBHUK (u3nke y MaremMaTWdkoj TUMHAa3HjH, O]l
centemOpa 2005. o jyna 2011. rogune.

On ¢debpyapa 2011. romune, Maja Ky3manocku je 3amocnena y HMHcTHTYTYy 3a GU3HKY Yy
beorpany. Ox 2011. mo 2019. rogune je Owia aHra)koBaHa Ha HalMOHAIHOM mpojekty MHU
43007 “HUctpakuBamke KJIMMATCKUX IPOMEHA W HHXOBOT yTHIAja HA JKUBOTHY CPEAUHY-
npahewme yTHIaja, aganTandja U yoOnakaBame”’, (UHAHCHPAHOM OJl CTpaHe MUHHUCTapCTBa
IpoCcBeTe, HayKe M TEXHOJOMKOr pas3Boja Pemybnmuke CpOuje. bunma je yuecHHK Ba
MehyHapoana npojexta y okBupy EU H2020 nporpama: GEO-CRADLE (Coordinating and
integRating state-of-the-art Earth Observation Activities in the regions of North Africa, Middle
East, and Balkans and Developing Links with GEO related initiatives towards GEOSS) y
nepuony 2016-2018. romune u ACTRIS-2 (Aerosols, Clouds, and Trace gases Research
InfraStructure Network) Integrated Activities (IA) y mepuomy 2015-2019. roamne. YUnan je
KoopauHaMoHoT oxoopa (Management Committee) COST axumje PROBE (PROfiling the
atmospheric Boundary layer at European scale) xoja je y Toky (2019-2023). Jleo je TuMa Koju ce
0aBU TaJBMHCKUM MepemHMa Juaap cucreMoM y beorpany, koju je 1e0 eBpoIcKe Mpexe Juaap
cucrema EARLINET (European Aerosol Research Lidar Network).

I'maBHe Teme paga Maje Ky3smMaHOCKM cCy HCTpaXuBama ONTHUYKAX KapaKTEPUCTHUKA
aTMOC(EpCKUX aepocojia MPUMEHOM IaJbUHCKUX Mepemha U MOJACIHpameM, Kao M aHalu3a
yTuIaja aTMochepcKux aepocosia Ha KBaJUTET Bazayxa. KanaugaTkuma je ayTop Mid KOayTop
10 pamoBa 00jaBibeHHMX y MelyHApOJHMM YacONMHMCHMA, JEJHOT IIOIVIaB/ba y HCTAKHYTO]
MoHorpaduju Mel)yHapoJHOT 3HaUaja U BUIIIE CAOTIITEeHa Ha Mel)yHapoHUM KoH(pepeHIjama.



3. HPEI'VIEJ HAYYHE AKTUBHOCTHU KAHAUJATKHILE

Hanomena: 3sezouyom (*) cy o3nauenu paoosu nyboauxosanu y nepuoody HAKOH NPemxoOHO2
peuzbopa y 36arpe

HayuHo-uctpaxuBauku pajx KaHaunatkume, Maje Kysmanocku, onBuja ce y oOnactu
atMocdepcke ¢u3uke W (U3NKE KUBOTHE cpenuHe. tbeHa mocamamima HaydHa aKTUBHOCT
ycMmepeHa je Ha aBe TeMe: (1) onThuke KapaKTepUCTHUKE aTMOC(HEpPCKHUX aepocoyia U HHXOBa
yiora y KJIMMaTCKOM cucteMy u (2) 3araljeme XUBOTHE CpeMHE M YTHUIA] aTMOc(epcKux
aepocoJia Ha KBaJUTET Ba3ayXa.

VY nepuoay npe anraxxoBama y MHcTuTyTY 3a usuky y beorpany, ucrpaxuBama KaHAUJATKUE
cy Owuma ycMepeHa Ha 00JIaCT ONTHYKHX KapaKTEPUCTHKAa W paJujaTUBHUX edekara
atMocdepckux aepocoina. MctpaxnBama cy 06a3upaHa Ha mojganuMa 0 GU3HYKUM U ONITHYKUM
KapakTepUCTHKaMa aepocoia J0OWjeHUM AaJbUHCKUM MepemuMa CaH()OTOMETPOM H JIHJApOM,
Kao W in situ MepemHMa y TOKY JIBE EKCIEpUMEHTAJHE KaMIame OpPraHHU30BaHE Ca IMJbEM
KapakTepHu3alje aepocosa y jyroucTouyHoj A3uju U jyxHoj Adpuiu, 300r BUXOBOT 3HAYajHOT
yTUIaja Ha PETMOHAJIHY M Ti00anHy kinuMmy. Kanaunatkuma je paguia Ha MOJAETHPAbY
KapaKTepHUCTHKA aTMOCHEPCKUX aepocosia, BAMIANU]H Mojiea lopehemeM ca MepemuMa, Kao 1
Ha aHAJM3M KOH3UCTEHTHOCTH pA3MYUTUX METOoAa Mepema KopHullhemeM Mojelia Kao Be3e
u3Mmel)y pasnuuuTHX MepeHUX KapakTepucThka aepocosa. KannupaTkuma je padyHana
pacroiesie aepocoJia 1o IMMEH31jaMa Ha OCHOBY MEPEHHX 3aBHCHOCTH ONTHYKE JAeOJbUHE CII0ja
aepocojia Off TajacHe IyKWHE. 3aTUM je paauia Ha MOAETHPArmy ONTHYKHX KapaKTepHCTHKA
aepocoJia Ha OCHOBY M3payyHaTHX U MEPEHMX pacliojielia aepocoja Mo AUMEH3ujaMa U WHeKca
npejaMama YecTHlla JOOMjeHUM Ha OCHOBY H-MXOBOI' XEMH]CKOT cacTaBa. PazMmaTpaH je yTuiaj
HauMHa Ha Koju cy amcopOyjyhe u HeamcopOyjyhe KoMIOHEHTe aepocoyia IMOMEUIaHe Y
YyecTHIlaMa Ha ONTHYKE KapaKTepucTuke aepocona. KaHnupaTtkuma je BpIIMia IPOLEHY
paaujaTUBHUX edekaTa aepocosia Ha OCHOBY MOJEIMPAHUX M MEPEHHX  ONTHYKHX
KapaKTepHUCTHKA YecTulla. Ha OCHOBY ommMcaHuX MCTpakuBama KaHAWAATKua je 2005. roaune
on0OpaHWIa JOKTOPCKY aucepTanujy Ha YHuBep3utety HoBu Jyxuu Benc y Cunnejy, y
Ayctpanuju. Pesynratu wucTpakuBama Cy NpPHKa3aHH Yy YETHPU paja M Ha HEKOJIUKO
MelyyHapoaHuX KoH(pepeHuuja:

e Kuzmanoski, M., M. A. Box, B. Schmid, P. B. Russell, and J. Redemann, Case study of
modeled aerosol optical properties during the SAFARI 2000 campaign, Applied Optics, 46,
5263-5275 (2007).

e Kuzmanoski, M., M. A. Box, G. P. Box, B. Schmid, J. Wang, P. B. Russell, H. H. Jonsson,
and J. H. Seinfeld, Aerosol properties computed from aircraft-based observations during the
ACE-Asia campaign: 1. Aerosol size distributions retrieved from optical thickness
measurements, Aerosol Science and Technology, 41, 202-216 (2007).



e Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H.
Jonsson, E. J. Welton, and J. H. Seinfeld, Aerosol properties computed from aircraft-based

observations during the ACE-Asia campaign: 2. A case study of lidar ratio closure, Aerosol
Science and Technology, 41, 231-243 (2007).

e Box, M. A., G. P. Box, M. J. Kay, M. Kuzmanoski, G. Taha, and D. Cohen, Physical,
chemical and radiative properties of aerosols in Sydney, Australia, Australian Meteorological
Magazine, 51, 223-228 (2002).

VY okBupy Harmmonamsaor npojexkra MMU 43007 uctpaxuBama Maje Ky3maHocku cy mpBOOUTHO
owa poxycupaHa Ha UCTIUTUBAE 3aralema 3eMJbHInTa. Kanaunatkuma je Onia anraxoBaHa Ha
KaauOpaluju eHepreTCKU JUCIEP3UBHOT pEeHAreHcKor crnekrpoMerpa (EDXRF) 3a aHanmu3y
cajpkaja TEIIKUX MeTana y 3emsbuiity. Ilpumenom EDXRF crnieKTpoMeTpuje aHanu3upaia je
caJipkaj TEIIKUX MeTalla y y30pIMMa 3eMJbHUINTA U3 apkoBa y ypbanom neny beorpana, Oynyhu
7la TIOBMILIEHA KOHIIGHTpPAlLlMja TEUIKMX MeTaja y 3eMJbUIITY MOXKE MMAaTu IITeTaH epeKaT Ha
OKOJIMHY, Kao M Ha 3/paBibe Jbyau. [lopesa Tora, kKaHauaaTkumba je BpIiuia nopeheme penatupHe
3aCTYIUBEHOCTH TIOjEIMHMX TEIIKMX MeTajla y 3eMJBHMINTY IIapKoBa ca ojrorapajyhum
pe3ynraTuMa NpeTXOoJHE aHAIM3E ca/p)kKaja TeIIKUX MeTalla y Ba3lyXy Ha MCTUM JOKallHjama.
PesynTtatu cy 00jaBJbeHH Yy J€THOM pajy ¥ Ha HEKOJMKO KOH(epeHImja.

¢ Kuzmanoski, M., M. Todorovi¢, M. Anici¢ UroSevi¢, and S. Rajsi¢, Heavy metal content of
soil in urban parks of Belgrade, Hemijska Industrija 68, 643-651 (2014).

Y okBupy oBe Teme, Maja Ky3maHocku je Ouia KOMEHTOp NpH H3pagd MacTep pajaa
,JcuTuBame 3araleHOCTH TEIIKMM MeTaluMa 3eMJbUIITa mapkoBa ypOaHor aena beorpana
XRF cnektpoMerpujoM™ of0pameHor Ha XemujckoM ¢akyntery 2013. ronune.

Kangunatkuma je Takole Ouia aHrakoBaHa Ha WCHHUTHBamYy 3araljema Ba3gyxa M IpPOICHU
pHU3UKa IO 3ApaBJb€ JbYAU YCJEJ XPOHUYHE H3JI0KEHOCTH TEHIKMM MeTaluMa Y Ba3ayxy.
[Mpumenom US EPA (US Environmental Protection Agency) Mojena BpIIWia je TPOIECHY
W3JIOKEHOCTH JbYJU TEHIKUM METalluMa KOju ce Haymaze y cactapy PM10 yectuna y Bazayxy u
aHanmM3y edekara caapikaja TEIIKUX MeTalla Ha 37paBibe JbyIu. Pe3ynaTaTth OBUX UCTpaKMBamba
Cy 00jaBJbCHH Y:

e Vukovi¢, G., M. Ani¢i¢ Uroevié, I. Razumenié¢, M. Kuzmanoski, M. Pergal, S. Skrivanj,
and A. Popovi¢, Air quality in urban parking garages (PM10, major and trace elements,
PAHs): Instrumental measurements vs. Active moss biomonitoring, Atmospheric
Environment, 85, 31-40 (2014).

e Todorovi¢, M., M. Perigi¢, M. Kuzmanoski, A. Stoji¢, A. Sostari¢, Z. Miji¢, and S. Rajsi¢,
Assessment of PM10 pollution level and required source emission reduction in Belgrade
area, Journal of Environmental Science and Health, Part A, 50, 1351-1359 (2015).

VY mepuoay HaKOH MPETXOAHOT pen3dopa y 3Bame, KaHIUAATKUIbA je€ 3amoyesia MCTPaXUBamba
yTHIaja CaXxapCKoOT MecKa, Kao MPUPOJHOT aepocoia, Ha KBAJUTET Ba3ayXxa. Y OKBHPY capajime



ca kojerama m3 MHcTtuTyTa 3a HykieapHe Hayke "BuHua", mHHMIMpana je Kammamy Mepermba
pa3IMUUTUX KapaKTepUCTHKa aTMOC(epCKUX aepocoja MapajeIHOM MNPUMEHOM HEKOJHUKO
ypehaja y nBopumty MucTuTyTa 3a Qusumky, y Toky mpojeha 2019. romune. 3a Bpeme
BUIIIETHEBHUX €MHM30/]a CaXapCKOT MecKa M 'y IeproJly HaKOH CBaKe €MHU307e BPIICHA Cy MEpema
BEPTUKAJIHUX Tpoduia aepocosia JUAAP CUCTEMOM, 3aTHUM MeEpema paclojiena 4ecTula Io
IMMEH3MjaMa, Kao u y3opkoBakbe PM10 u PM2.5 yectuna paau aHamu3e HHXOBHX MAaCEHHX
KOHIIEHTpallKja U eJIeMEHTHOr cactaBa. Jleo pe3ynrara je 10 cazna 00jaBJbeH y jeAHOM HaAyYHOM
pany. Kanmaupatkuma je paay J[JONpUHENIAa aHATUM30M IoJaTaka O KOHILEHTpalujama u
€JIEMEHTHOM cacTaBy y3opkoBaHux PM10 u PM?2.5 vectuiia y TOKy enu3o/1a caxapcKor mecka.
AHanu3a je BpIIEHa ca ITUJbeM yTBphuBama CKymna ejleMeHaTra, Kao U OJHOCa KOHIICHTpaluja
eleMeHaTa, KOju ce MOry MoBe3aTH ca JONPHUHOCOM IIeCKa Y30pKOBAHHUM YeCTHIIamMa y TOKY
MOCMaTpaHuX enu3oaa. Pesynrartu aHanmse cy 3aTUM Yy paay KOpUITheHU Mpu UHTEPIpEeTalnju
pe3ynrata OMOMOHUTOPUHTA KBaJUTEeTa Bazayxa MmoMohy MaxoBHHA, BPIICHOT MapalieIHO ca
y30pKkoBaweM PM uectuna.

e *AniCi¢ UroSevi¢c M., M. Kuzmanoski, T. Mili¢evi¢, 1. Kodranov, K. Vergel, and A.
Popovi¢, Moss bag sensitivity for the assessment of airborne elements at suburban
background site during spring/summer season characterized by Saharan dust intrusions, Air
Quality, Atmosphere & Health (2022)
https://doi.org/10.1007/s11869-022-01161-8.

Maja Ky3manocku ce Takohe 0aBuU MCTpakKMBamkUMa ONTHYKUX KapaKTEPUCTHUKA aTMOC(HEPCKHUX
aepocoJia MeTo/1aMa JIaJbUHCKE JeTeKIje. YUecTByje Yy MepemhuMa U aHaJIN3H MoAaTaka Mepermba
munap cucreMoM y beorpany, koju je neo EARLINET mpeske, eBporicke Mpexe oBUX ypehaja.
AHaJIN30M JIETEKTOBAHOT CHTHaNa J00Hja ce MHpopManrja 0 BUCUHHU IUIAHETAPHOT TPAHUYHOT
cll0ja W BEPTUKAIHOT Tpoduia ONTHUYKAX KapaKTEPUCTHKA aTMOC(HEpCKUX aepocoia
(koedunmjeHaTa eKCTHHKIIMjE W pacejama moa yriaom 180°). BucuHa mimaneTapHOT rpaHUYHOT
cJi0ja je BaKaH MmapaMeTap KOju yThue Ha HUBO 3araljema Bazayxa. Mepema Juaap CUCTEMOM,
BpIIIEHAa 3a BpeMe JeIMMHYHOT moMpadema CyHia y mapty 2015. roamne, kopumiheHa cy 3a
MpoyYaBamke TUHAMHUKE IUIAHETAPHOI TPaHUYHOr CJI0ja, YIMOpEeNo ca IpOMEHaMa ApYTUx
napameTapa: METeOpOJIOIIKH HapameTpH, YB 3paueme, KOHIEHTpanuja aTMoc(epcKux joHa U
030Ha y mpu3zeMHOM ciojy. KomOnHOBameM Mepema moMohy suaap cuctema ca Mepemuma
canotomerpom y okBupy EARLINET u AERONET wmpexa oBux ypehaja, Mmoxxke ce nooutu
uHpopMaIrja 0 BEpTUKATHOM POty KOHLIEHTpAIHje aepocoyia, Kao U MOCEOHO MyCTUHCKOT
mecka, MOTpeOHa 3a BepuHUKalMjy pesylrara HyMepHUKux wmojena. Jleo pesynrara
HCTpaXMBama y KOjUMa Cy MPUMEHEHA MEPEHa JINIap CHCTEMOM 00jaBJbEH je y /IBa paja, Kao u
Ha MelhyHapoaHuM KoHbepeHIjaMa. Y OoKBUPY oBe TeMe, Maja Ky3mMaHOCKH je KOMEHTOp mpu
u3pagu AokTopcke nuceprauuje Jlyke Mnuha, crygenta mokTtopckux crtyauja Ha Duszmuxkom
dakyntety YHuBep3utera y beorpany.



e *li¢, L., A. Jovanovi¢, M. Kuzmanoski, L. Lazi¢, F. Madonna, M. Rosoldi, M. Mytilinaios,
E. Marinou, and S. Nickovi¢, Mineralogy sensitive immersion freezing parameterization in
DREAM, Journal of Geophysical Research Atmospheres, 127, €2021JD035093, 2022.
http://dx.doi.org/10.1029/2021JD035093.

e *li¢ L., M. Kuzmanoski, P. Kolarz, A. Nina, V. Sre¢kovi¢, Z. Miji¢, J. Bajceti¢, and M.
Andri¢, Changes of atmospheric properties over Belgrade, observed using remote sensing
and in situ methods during the partial solar eclipse of 20 March 2015, Journal of
Atmospheric and Solar-Terrestrial Physics, 171, 250-259, 2018.

[Topen Tora, KaHIUIATKUIbA j€ BPIINJIA aHAIU3Y NOJaTaka Mepema Jujap cucteMoM y beorpany
y okBupy ACTRIS COVID-19 Near Real-time measurement campaign eKCIIEPUMEHTAITHE
KaMIame, oapxkane y Majy 2020. roauHe ca IMJbeM MCIUTHBAKA YTHUIAja PECTPUKTHBHUX Mepa
y EBpomu mnoderkom mnanaemuje COVID-19 Ha onTHuke KapaKTepUCTHKE aTMOCHEpPCKUX
aepoconia. OBO je jemaH OJf €KCIepMMEHaTa OPraHM30BAaHMX M Jla OM ce MoKaszaja MpHMEHa
Mepema y okBupy EARLINET mpexe 3a BpeMe BaHpeTHUX CUTYalldja.

4. EJIEMEHTH 3A KBAJIMTATUBHY AHAJIN3Y HAYYHOI' JOITPUHOCA
4.1. KBasuTeT HaAyYHHMX pe3yJTara
4.1.1. Hayynu HUBO M 3HAaYaj pe3yJTara, yTMlaj HAYy4YHHX PaJoBa

Maja Ky3manocku je ayrop unu koayrop 10 pagosa y melhyHapoaaum yaconucuma ca ISI nucre,
ol Tora 5 pajoBa y yacomnucuma kateropuje M21, 2 paga y gaconucuma kareropuje M22 u 3
paga y yaconucuma kareropuje M23. V mepuojy HaKOH MPETXOTHOT TMOKpETama MOCTYIKa 3a
pens0op y 3Bame, KaHIUIaTKuka je o0jaBwia 3 pama, ox Tora 1 pax y 4acomucy KaTeropuje
M21 u 2 pana y yaconucuma kareropuje M22.

Hajsnauajauju pag Maje Ky3smanocku je:

Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H.
Jonsson, E. J. Welton, and J. H. Seinfeld,

Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign:
2. A case study of lidar ratio closure,

Aerosol Science and Technology, 41, 231-243 (2007)

doi:10.1080/02786820601146977

(M21, 1® 2.905, uutupan 4 myra o Scopus 0azu, 0e3 ayrouurara)

Pag npowcrtude w3 JOKTOpCKE NUCEpTalMje KaHIUAATKARE. Y paay je KaHAuJaTKHba
Mojenpaia ogHoc KoeduijeHaTa eKCTUHKIMjE W pacejama moa yriaom 180°, koju je BakaH
napaMeTap INpH aHAIM3H Mepema JUAap CHCTEMOM Kako OM ce Jo0uie KBaHTUTaTHBHE
uHpopmanyje O aepocoiauma. Y TpopaduyHMMa Cy KopuuiheHe pacmozene aepocoja Io



IVMEH3MjaMa M3padyHaTe Ha OCHOBY JaJbMHCKUX Mepema, Kao M MepeHe pacrozene. MHmekc
mpenaMama je OMo y CKIaay ca XEeMHJCKUM CacTaBOM YeCTHIla, NMPH 4YeMy je KopwuirheHa
MPETIOCTaBKa 0 MHTEPHOM MeIlamby pa3IMdUTHX KOMIIOHEHTH. BpieHa je ananmsza nopehema
MO/JICJIMPAHUX BPEIHOCTHU Ca BPEAHOCTUMA T0OMjEHIUM Ha OCHOBY KOMOMHOBAHUX MEpema JInaap
cucreMoM M caH(oToMeTpoM. AHanu3oM cy oOyxBaheHa TpH TuIa aepocosia PazIMIUTHX
KapakTepucTuka. [lokazaHa je OCeTJbUBOCT pe3yliTaTa Ha OTPaHUYEH OICET pajujyca YecTHla y
Clly4yajy pacrlofiesie aepocosa 1Mo JUMEH3HMjaMa U3padyyHaTe Ha OCHOBY JaJbUHCKUX MEpema, Kao
Y Ha TIPETIIOCTaBKy O HAYMHY Melllamka KOMIOHEHTH decTuiia. OBa aHalM3a JOMPUHOCH 00JbeM
pasyMeBamy M MHTEpIIPETAIlji Mepema aepocosia momohy mumap cucrema. Kannunatkuma je
Jana KJbYYHH JOTPUHOC pajay MOJIEIHpameM KapaKTepHCcTHKa aepocojia W mopehemeMm ca
MepemruMa. CaMOCTaJIHO je M3BpIIMIA je TTpopadyHe pacrojena aepocosia o AUMEeH3Hjama Ha
OCHOBY JaJbUHCKUX MeEpema, MOJeNupaja ONTHYKE KapaKTepUCTHKE aepocoja, WCHUTHBAJIA
OCETJLUBOCT MOJICTHPAHUX KapPAKTEPUCTUKA HA PA3IUYMUTE MPETIIOCTaBKE M BPIIWIA AHAIU3Y
nopehema ca 10CTymHUM MepemhuMa.

4.1.2. [lo3uTHBHA UMTHPAHOCT HAYYHHUX PaT0Ba KAHINAATKHIE

[Tomany 0 HUTUPAHOCTH pasioBa KaHIUAATKHELE HA AaH 7. MapTa 2022. roguHe cy CyMUpaHH y

Tabenu:
baza monaraka Bpoj nurara bpoj urara oes XUPIIOB HHAEKC
a poj I caMorrara P a
Scopus 93 82 3
Web of Science 76 75 4

[Togamm o nuTHpaHOCTH ca MHTEpHET cTpaHuia Scopus u Web of Science 6a3a cy maTu HakoH
CIIHCKA CBUX PAaJIOBa.

4.1.3. IlapameTpun KBAJUTETA Yaconuca

3a mpoleHy KBaJIUTETa 4acolrca y KOjuMa Cy paJoBU KaHIUIATKUEE 00jaBJbeHH Y HACTABKY CY
MpuKa3aHe KaTeropvje dvacomuca, HUXOB uMOakT (akrtop (MUP), kao m wmmmakt daxTop
HOpMaNIM30BaH 1Mo UMMakty mutupajyher uianka (CHUII) (HaBeneHa je HajooJba BPETHOCT U3
Meproja 10 IBe TOJMHE YHA3a] O] TOAMHE 00jaBibHBama paaa). [logBydeHn cy UMIakT GpakTopu
Jyacomnuca y KojuMa cy 00jaBJbeHH PaJloBU HAKOH MPETXOAHOT pen30opa y 3Bame.

VY kareropuju M21 (BpxyHCKH Mel)yHapoaHM 4Yacomuc) KaHIUAATKUa je o0jaBWiia pazoBe Y
cnenehum yaconucuma:

e 1 pany Journal of Geophysical Research: Atmospheres - U® 4.261, CHUII 1.27
e 1 pany Atmospheric Environment - U® 3.281, CHUII 1.67




e 2 panay Aerosol Science and Technology - U® 2.905, CHUII 1.21 (3a cBaku o1 panoBa)
e 1 pany Applied Optics - D 1.717, CHUIT 1.71

VY karteropuju M22 (uctakHyTH Mel)yHApOJHHM YacOIHC) KaHIUIATKUba je 00jaBHiia pagoBe Y
cienehum yacommcuma:

o | pany Air Quality, Atmosphere and Health - U® 3.763, CHUIT 1.18
e 1 pany Journal of Atmospheric and Solar-Terrestrial Physics - U® 1.802, CHUII 1.06

VY kareropuju M23 (mehyHapogHu dacomuc) KaHIUATKHEba je o0jaBHiia pagoBe y cienehum
Jaconucuma:

e | pany Journal of Environmental Science and Health, Part A - U® 1.276 , CHUII1 0.71
e 1 pany Australian Meteorological Magazine - U® 1.209
e 1 pany Hemijska Industrija - U® 0.562, CHUII 0.53

Ykynan U® panoBa kanauaatkume je 23.681, a HaKoH mpeTxoaHoT pen3dopa y 3Bame 9.826.

JlogatHu OMOITMOMETPH)CKHU MTapaMeTpH y Be3U ca 00jaBJbeHUM paloBUMa KaHIHIaTKUE-€ HAKOH
MPETXOAHOT pen3bopa y 3Bambe CyMUpaHu cy y cienehoj tabenu:

no M CHUIIT
YkynHo 9.826 18 3.51
VYcepenmweHo no wiaHky 3.275 6 1.17
YcepeameHo 1o ayropy 1.326 2.347 0.470

4.1.4. CreneH caMOCTAJIHOCTH M cTenmeH yuyemha y peanusanuju pagoBa y HayYHHUM
HeHTPUMA Y 3eM/bH H HHOCTPAHCTBY

Maja Ky3manocku je Boaehu ayrop Ha 4 o0jaBibeHa paja, Jpyru ayTop Ha 2 pajaa u Tpehu ayrop
Ha 2 paga. Kannuaatkuma je 3HauajHO TOTNpUHeNa KOHITUIUPakhy U UCakby OBUX PasioBa.

VY pamoBuMa ©3 OOJIACTH ONTHYKHX KapaKTEpUCTHKA aepocojia, KOjU Cy pe3yiTaT HeHe
JOKTOpPCKE AMCEpTalje, KaHIUIaTKUIba j€ Jajla KJIbYYHH JOTPUHOC OCMUIILJbABAEM TEME pajia,
MOJICJIUPAEM KapaKTepUCTHKA aepocoja, aHalnu3oM mnopehema ca MepemnMa, Kao M CaMUM
IUCAakEM PaioBa.

Mebhy panoBuma 00jaB/beHUM HAaKOH HPETXOAHOT pen3dopa y 3Bame, Y Ba €KCHEpUMEHTATIHA
paza KaHIWJATKUEa je Jana JONPHUHOC aHalM3d IoJaTaka Mepemha M MHTEpPIpeTalHju
pesyinrara, 10K je y paxy KOjH je pe3ysiTaT HyMepHUYKOT MOJeNHpama U eKCIIEPUMEHTATHOT pajia
KaH/IWJATKU A Jajia JONPHHOC aHATH3H nopelema pe3ynrara Mojiena i Mepema.



4.2. AHra:koBaHoct y ¢popmMupamy HAyYHHX KaJpoBa

Maja Ky3manocku je 2013. rogmHe Omna KOMEHTOp MNpU H3paJau MacTep Te3e TujaHe
JbybenoBuh, cryneHTKHEIe MacTep cTyauja Ha XeMHjCKOM (akylaTeTy YHUBEpP3HTETa Y
beorpany.

Ilpunoe: nacnoena cmpana u 3axeannuya macmep meze Tujane Jbybenosuh

Kanmnmatkuma je KOMEHTOp Mpu u3pamu JoKTopcke aucepranuje Jlyke WMnmha, ctynenra
TOKTOPCKUX ctyauja Ha dusnukom dakynTety YHuBep3uteTa y beorpany.

Ilpunoe: 3anucnuk ca ceonuye HHB @Quzuuxoe gpaxyrmema Ynueepzumema y beoepady

4.3. Hopmupame Opoja KoayTOPCKUX Pa/ioBa, IATEHATA U TEXHUYKHUX pellera

Mel)y pamoBuMa 00jaB/beHUM HAaKOH MPETXOIHOT Pen300pa y 3Bame, y JeTHOM pajy KaTeropuje
M21 (nox pennum OpojeM 1 Ha crimcky myOJiMKanuja y OBOj KaTeTOPHjH) M YETUPU CAOMIITEHA
Ha KoH(epeHjama (kateropuja M34, nox peauum 6pojem 2, 4, 5 u 8 Ha criucky nmyOnukanuja y
OBOj KaTeropuju) Cy KOMOHMHOBaHa €KCIEPUMEHTAJHA HWCTPAXHUBamka Cca HYMEPUUKUM
MojenupameM. OcTanu pajoBu U CaolIlITeha Ha KOH(epeHjama 3aCHOBAaHH CY Y TIOTIYHOCTH
Ha eKCIIepUMEHTAIHOM paxy. CBH pafioBH ce padyHajy ca IIyHOM TEXKHHOM y OJHOCY Ha 7
KoayTopa.

Onrosapajyhe HopMHpamke Ha OCHOBY Opoja KoayTopa 3e u3BpIeHo 3a 1 pag kareropuje M21 (9
ayTopa) U jenaH paja kareropuje M22 (8 aytopa).

4.4. Yyemhe y npojekTuMa, NOTHPOjeKTUMA U MPOjeKTHUM 3aJallUMa

Kanmnmatkuma je ydecTBoBasia Ha HamumoHawHOM Tmpojekty MUKW 43007 “UctpaxuBame
KJIIMMAaTCKUX MPOMEHa M HUXOBOT YTHUIaja HA )KMBOTHY CpeAuHy-Tpaheme yTuIaja, aganTaiuja
n yonaxaBamwe”’, (GUHAHCUPAHOM O] cTpaHe MuUHHCTApCTBa MPOCBETE, HAyKe U TEXHOJOIIKOT
pasBoja Peny6nuke CpOuje, kao u Ha Tpu Mel)yHapoaHa mpojeKTa:

o 2014-2015: ACTRIS (Aerosols, Clouds, and Trace gases Research InfraStructure
Network) y okBupy EU FP7 nporpama (No 262254)

o 2015-2019: ACTRIS-2 (Aerosols, Clouds, and Trace gases Research InfraStructure
Network Integrated Activities) y okBupy EU H2020 nporpama (No 654109)

e 2016-2018: GEO-CRADLE (Coordinating and integRating state-of-the-art Earth
Observation Activities in the regions of North Africa, Middle East, and Balkans and
Developing Links with GEO related initiatives towards GEOSS) y oxksupy EU H2020
nporpama (No 690133)



Ilpunoe: xonuja odena yeosopa npojekma GEO-CRADLE ca cnuckom yuecHuka, nomepoe
pykosoouoya muma Hucmumyma 3a ¢uszuxy y beoepady y oxeupy npojexama ACTRIS u
ACTRIS-2 o yuewthy kanouoamxurse y 08UM NPOjeKmumMa

Kanmumatkuma je TPEHYTHO YYECHHUK M WIaH KOOpJAWHAIMOHOT oxoopa (Management
Committee) COST axuuje PROBE (PROfiling the atmospheric Boundary layer at European
scale) xoja je y Toky (2019-2023).

Ilpunoe: xonuja unmepnem cmpanuye COST axyuje PROBE

4.5. AKTUBHOCT Y HAYYHMM U HAYYHO-CTPYYHHMM JAPYyIITBUMA
4.5.1. PeueH3uje Hay4YHUX pagoBa

Maja Ky3manocku je Owina pernieH3eHT jemnHor panga y Journal of Geophysical Research:
Atmospheres (2010. ronune) u nBa pana y Atmospheric Pollution Research (2016. u 2020.
TOJIUHE).

IIpunoe: nomepoe ypeonuxa uaconuca

4.5.2. Opranusanuja HAay4YHHX CKyNoBa

Kanmumatkuma je Owma uman OpranuzanuoHor onbopa MelhyHapoane koHbepeHiuje [8th
International Conference on Photoacoustic and Photothermal Phenomena (ICPP18), onpxaHe
on 6. o 10. centemOpa 2015. ronquae y HoBom Cany.

Hpuﬂoz.‘ U3600 Krouee ancmpakama ca HageOeHUM Ccacmasom HAY4YHOZ OpcaHU3ayuoHo2 0()60]9(1

4.6. YTHIAjJHOCT HAYYHHMX pe3yJITaTa

YTUIIajJHOCT HAYYHUX pe3yiTaTa KaHAuaaTa je HaBeleHa y ojaesbliuMa 3 U 4.1 OBOT IOKyMEHTA.
Ilyn cnmcak pazoBa je mar y oJieJbKy 6, a Mmojany o MUTHPAHOCTH ca MHTEPHET cTpaHuIla Oa3a
Scopus u Web of Science cy naTu HaKOH CIIMCKa CBUX PaJIoBa KaHIUIATKHHE.

4.7 KoHkpeTaH AONPHHOC KAHAMIATA y peaju3alMju pajJoBa y HAYYHUM LEHTPUMA Yy
3eMJ/bH U HHOCTPAHCTBY

On Tpu paga o0jaBjbeHa HAKOH MPETXOJHOT pen3dopa y 3Bame, jefaH je ypaheH y capaimu ca
Koslerama u3 uHoctpanctBa (I'puka u Mranmja), a n1Ba cy ypaheHna y capaamu ca Kojerama mu3
3emJsbe. Maja Ky3MaHOCKHM je MMasia KJbY4YHH JONPHHOC y cBa TpH pajga. Kannumpatkuma je
JONpUHENa ofadupy METOJO0JOTHje M WHTEepHpeTalldju pe3ylTara, Kao M KOHIMIIUpAky U
MMcalky OBUX IMyOJMKaiuyja. Y pany kareropuje M21 o yno3u mecka y popmupamy obaaqHOr
Jena, KOju je pe3yiaTaT HyMEPHUYKOI MOJAETHpama W eKCIICPUMEHTATHOT Paja, KaHAWIATKUbA



Jana TOTMPUHOC aHaimu3| nopehema pesynrara Mojena u Mepema. Y JBa pajaa kareropuje M22

KaHIUIATKU A je JaJia JOTPUHOC €KCTIEPUMEHTATHOM pajly U aHaJIM3| MoJlaTaka Mepemba.

4.8. MehynaponHna capaama

Kanmunatkuma ydectByje y MmehyHapoaHoj capaamu y okBupy EARLINET (European Aerosol
Research Lidar Network) mpexe numap craHuiia. Y OKBUPY T€ capaamke Y4ecTBOBala je y

exciepumenTannoj kamnawn ACTRIS COVID-19 NRT lidar measurement campaign.

Ilpunoe: xonuja ummepnem cmpanuye EARLINET mpeoice; u3600 u3zsewmaja ca npeum

pesyimamuma eKCnepumenmaiie Kamnaroe

5. EJIEMEHTHU 3A KBAHTUTATUBHY OLIEHY HAYYHOT JOITPUHOCA
KAHJMJATKHUILE

OcTBapenu M-0010BM KaHAUAATKHIbE Y IEPUOY HAKOH MPETXOHOT pen300opa y 3Bame:

Kareropuja M 6;?;];&1 1o bpoj panosa Yféz;zlgaM HO%AP%%?:;SPOJ.
M21 8 1 8 5.714
M22 5 2 10 9.167
M33 1 3 3 3
M34 0.5 9 4.5 4.5

Iopehemwe ocTBapenor Opoja M-0010Ba ca MUHMMAJIHUM YCJIOBHMA NMOTPEOHUM 32

peus0op y 3Bambe HAYYHH CapaJHUK:

Munumanuu 6poj M 6onoBa Heonxonno | OcTtBapeHo gg;f;ie;{%
VYKynHO 16 25.5 22.381
M10+M20+M31+M32-+M33+M41+M42 10 21 17.881
M11+M12+M21+M22+M23 6 18 14.881




6. CIIMCAK IYBJIUKALIMJA 11O KATET'OPUJAMA

MOHOI'PA®UJE, MOHOT'PA®CKE CTYAUJE, TEMATCKHA 350OPHUILIU,
JIECKUKOT'PA®CKE U KAPTOI'PA®CKE IIYBJIMKALIUJE
MEBYHAPOJHOI 3HAYAJA (M10)

ITorsaB/be y ncraknyToj MmoHorpaguju meh)ynapoanor snauyaja (M13)

Paoosu objasmwenu npe npemxoono2 peuszbopa y 38arbe

1. Tomasevi¢, M., Z. Miji¢, M. Anici¢, A. Stoji¢, M. PeriSi¢, M. Kuzmanoski, M. Todorovi¢,
and S. Rajsié,

Air Quality Study in Belgrade: Particulate Matter and Volatile Organic Compounds as Threats to
Human Health, In: Air Pollution: Sources, Prevention and Health Effects, Editor: Rajat Sethi,
Nova Science Publishers, NY, USA, p. 315-346 (2013).

ISBN: 978-1-62417-735-4
https://www.novapublishers.com/catalog/product_info.php?products_id=38962&0sCsid=cc956b
5e1008d06¢56¢891147982d91¢

PAJIOBU OBJAB/BEHH Y HAYYHHUM YACOIIUCHUMA
MEBYHAPOJHOI 3HAYAJA (M20)

Pan y BpxyHckom mehynapoanom yaconucy (M21)
Paodoesu 0bjasmwenu HakoH npemxo0no2 peuzbopa y 36are

1. Ili¢, L., A. Jovanovi¢, M. Kuzmanoski, L. Lazi¢, F. Madonna, M. Rosoldi, M. Mytilinaios, E.
Marinou, and S. Nickovic,

Mineralogy sensitive immersion freezing parameterization in DREAM,

Journal of Geophysical Research: Atmospheres, 127, €2021JD035093 (2022).
http://dx.doi.org/10.1029/2021JD035093.

(IF 4.261, Myoim=5.714)

Paoosu objasmwenu npe npemxoono2 peuszbopa y 38arbe

1. Vukovié, G., M. Ani¢i¢ Urosevié, I. Razumeni¢, M. Kuzmanoski, M. Pergal, S. Skrivanj, and
A. Popovi¢,

Air quality in urban parking garages (PM10, major and trace elements, PAHs): Instrumental
measurements vs. Active moss biomonitoring,

Atmospheric Environment, 85, 31-40 (2014). http://dx.doi.org/10.1016/j.atmosenv.2013.11.053.
(IF 3.281)

2. Kuzmanoski, M., M. A. Box, B. Schmid, P. B. Russell, and J. Redemann,

Case study of modeled aerosol optical properties during the SAFARI 2000 campaign,
Applied Optics, 46, 5263-5275 (2007).

doi: 10.1364/A0.46.005263

(IF 1.717)



3. Kuzmanoski, M., M. A. Box, G. P. Box, B. Schmid, J. Wang, P. B. Russell, H. H. Jonsson,
and J. H. Seinfeld,

Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign:
1. Aerosol size distributions retrieved from optical thickness measurements,

Aerosol Science and Technology, 41, 202-216 (2007).

doi:10.1080/02786820601126789

(IF 2.905)

4. Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H.
Jonsson, E. J. Welton, and J. H. Seinfeld,

Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign:
2. A case study of lidar ratio closure,

Aerosol Science and Technology, 41, 231-243 (2007).

doi:10.1080/02786820601146977

(IF 2.905)

Papn y ucraknyrom mel)ynapoanom yaconucy (M22)

Paooesu 0bjasmwenu Hakon npemxo0no2 peuzbopa y 36arbe

1. Anici¢ Urosevi¢ M., M. Kuzmanoski, T. Mili¢evi¢, I. Kodranov, K. Vergel, and A. Popovi¢,
Moss bag sensitivity for the assessment of airborne elements at suburban background site during
spring/summer season characterized by Saharan dust intrusions,

Air Quality, Atmosphere and Health (2022).

https://doi.org/10.1007/s11869-022-01161-8.

(IF 3.763, M=5)

2. 1li¢ L., M. Kuzmanoski, P. Kolarz, A. Nina, V. Sreckovi¢, Z. Miji¢, J. Bajceti¢, and M.
Andri¢,

Changes of atmospheric properties over Belgrade, observed using remote sensing and in situ
methods during the partial solar eclipse of 20 March 2015,

Journal of Atmospheric and Solar-Terrestrial Physics, 171, 250-259 (2018).

doi: 10.1016/j.jastp.2017.10.001

(IF 1.790, M;o;m=4.167)

Pap y mehynapoannom yaconucy (M23)

Paoosu objasmwenu npe npemxoono2 peuszbopa y 38arbe

1. Todorovié, M., M. Perisi¢, M. Kuzmanoski, A. Stoji¢, A. Sostarié, Z. Miji¢, and S. Rajsic,
Assessment of PM 10 pollution level and required source emission reduction in Belgrade area,
Journal of Environmental Science and Health, Part A, 50, 1351-1359 (2015).
doi:10.1080/10934529.2015.1059110

(IF 1.276)



2. Kuzmanoski, M., M. Todorovi¢, M. Ani¢i¢ Urosevié, and S. Rajsic,
Heavy metal content of soil in urban parks of Belgrade,

Hemijska Industrija 68, 643-651 (2014).

doi: 10.2298/HEMIND131105001K

(IF 0.562)

3. Box, M. A., G. P. Box, M. J. Kay, M. Kuzmanoski, G. Taha, and D. Cohen,
Physical, chemical and radiative properties of aerosols in Sydney, Australia,
Australian Meteorological Magazine, 51, 223-228 (2002).

(IF 1.209)

35O0PHUIIN MEBYHAPOJHUX HAYUYHUX CKYIIOBA (M30)

Caonmreme ca Mel)yHapoaHOT CKyna mraMmnano y ueaunu (M33)
Paooesu 06jasmenu HaKoH npemxo0Ho2 peuzdopda y 36arbe

1. Kuzmanoski M., L. Ili¢, M. Todorovi¢, and Z. Miji¢,

A study of a dust intrusion event over Belgrade, Serbia,

Proceedings of the 6th WeBIOPATR Workshop and Conference, September 6-8, 2017,
Belgrade, Serbia, p. 103-108 (2019).

2. Miji¢, Z., L. 1li¢, M. Kuzmanoski,
Raman lidar for atmospheric aerosol profiling in Serbia,

Proceedings of the 49th International October Conference on Mining and Metallurgy, Bor,
October 18-21, 2017, Bor, Serbia, p. 65 - 68.

3. Mjji¢ Z., M. Perisi¢, L. li¢, A. Stoji¢, M. Kuzmanoski,

Air mass transport over Balkan region identified by atmospheric modeling and aerosol lidar
technique,

Proceedings of the 49th International October Conference on Mining and Metallurgy, October 18
- 21,2017, Bor, Serbia, p. 69 - 72.

Paoosu objasmweru npe npemxoono2 peuszbopa y 38arbe

1. Kuzmanoski M., L. Ili¢, and Z. Mjji¢,

Aerosol remote sensing study of a Saharan dust intrusion episode in Belgrade, Serbia,
Proceedings of the XIX International Eco-Conference 2015, September 23-25, 2015, Novi Sad,
Serbia, p. 73-80.

2. Miji¢ Z., M. Perisi¢, A. Stoji¢, M. Kuzmanoski, and L. Ili¢,

Estimation of atmospheric aerosol transport by ground-based remote sensing and modeling,
Proceedings of the XIX International Eco-Conference 2015, September 23-25, 2015, Novi Sad,
Serbia, p. 375-382.

3. Todorovi¢, M., M. Kuzmanoski, and T. Ljubenovi¢,

Horizontal distribution of heavy metal concentrations in urban park soil,

Physical Chemistry 2014: Proceedings of the 12th International Conference on Fundamental and
Applied Aspects of Physical Chemistry, September 22-26, 2014, Belgrade, Serbia, p. 921-924.



4. Mjji¢, Z., M. Kuzmanoski, D. Nicolae, and L. Belegante,

The use of hybrid receptor models and ground-based remote sensing of particulate matter for
identification of potential source regions,

Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade,
Serbia, p. 52-59.

5. Todorovi¢, M., M. Peri§i¢, M. Kuzmanoski, and A. Sostari¢,

Health risk assessment of trace metals associated with PM10 in Belgrade district,

Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade,
Serbia, p. 205-208.

6. Vukovié, G., M. Ani¢i¢ Urosevi¢, M. Kuzmanoski, M. Tomagevi¢, M. Pergal, S. Skrivanj,
and A. Popovi¢,

Health risk assessment of pollutants (PAHs and heavy metals) associated with PM10 in urban
parking garages,

Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade,
Serbia, p. 171-175.

7. Kuzmanoski, M., M. Todorovi¢, M. Anici¢ UroSevi¢, S. Rajsi¢, and M.Tasic¢,

XRF analysis of heavy metal content in soil samples using MINIPAL 4 spectrometer,
Proceedings of the 11th International Conference on Fundamental and Applied Aspects of
Physical Chemistry (Volume II), September 24-28, 2012, Belgrade, Serbia, p. 660-662.

8. Box, G. P., G. Taha, and M. Kuzmanoski,
Long-term atmospheric monitoring in Sydney using an MFRSR,

Proc. IEEE International Geoscience and Remote Sensing Symposium (IGARSS'01), 1, p. 81-83,
2001.

Caonmreme ca mel)ynapoanor ckyna mramnaso y ussony (M34)

Paoosu objaswenu naxon npemxoonoe peu36opa y 36arme

1. Mili¢evi¢ T., D. Mutavdzi¢, M. Anici¢ Urosevi¢, M. Kuzmanoski, I. Kodranov, A. Popovi¢,
and D. Reli¢,

Health risk assessment for residents and workers based on toxic and carcinogenic element
content from PM2.5 in Belgrade suburban area,

Book of Abstracts of the 21st European Meeting on Environmental Chemistry EMEC21,
November 30 - December 3, 2021, Novi Sad, Serbia, p. 134.

2. Ili¢ L., E. Marinou, A. Jovanovi¢, M. Kuzmanoski, and S. Ni¢kovic,

Ice nucleating particle concentrations in Dust Regional Atmospheric Model (DREAM),

EGU General Assembly 2021, Vienna, Austria, April 2021. https://doi.org/10.5194/egusphere-
egu21-7754

3. Miji¢ Z., M. Kuzmanoski, and L. Ili¢,

Study on tropospheric aerosols change during the COVID-19 lock-down period: experience from
EARLINET measurement campaign,

Book of Abstracts of the 8th International WeBIOPATR Workshop & Conference, Belgrade,
Serbia, November 2021. p. 54.



4. 1li¢ L., A. Jovanovi¢, M. Kuzmanoski, F. Madonna, M. Rosoldi, E. Marinou, and S.
Nickovié,

Mineralogy sensitive ice nucleation parameterizations in Dust Regional Atmospheric Model
(DREAM),

EGU General Assembly 2020, Vienna, Austria, May 2020,
https://doi.org/10.5194/egusphere-egu2020-15857

5.1i¢ L., A. Jovanovi¢, M. Kuzmanoski and S. Nickovic,

Modeling of immersion freezing initiation on mineral dust in Dust Regional Atmospheric Model
(DREAM),

Book of Abstracts of the 7th International WeBIOPATR Workshop & Conference, Belgrade,
Serbia, October 2019. p. 69.

6. Miji¢ Z., A. Jovanovi¢, M. Kuzmanoski, and L. Ili¢,

Climatology of satellite derived aerosol optical depth over Belgrade region, Serbia,
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YHUBEP3UTET ¥ BEOT'PAJ1Y

Cryyierrexu Tpr 1, 11000 Beorpan, PerryGimka CpOuja
Ten.: 011 3207400, Maxc: 011 2638912; E-mail: officebu(@rect.bg.ac.yu
beorpan, 07.11.2007.
Bpoj: 06-613-1822/4
5

Ha ocHoBy wumana 104. craB 9. 3akoHa O BHCOKOM obpa3oBamy
("CayxGenn raacaux PC", 6poj 76/05), unana 11. I1paBunHuKa 0 MpU3HABaKY CTPAHHUX
BHCOKOIWIKONCKUX ucnpaBa (“Tnacuuk Vuusepsurera y Beorpamy”, 6poj 129/06) u
oanryke Komncuje VHuBep3uTeTa 3a NpU3HABAKE CTPAHUX BHCOKOIIKOICKHX ucrpaBa
6poj: 06-613-1822/3 01 24.10.2007.. 10HOCHM

PEIIEW®E

INPU3HAJE CE aunioma Ymusep3utera Hogn Jyxuu Besc y Cuanejy,
Aycrpanmja ox 15.12.2005. rogune Ha KoMme je Maja Ky3manocku crexna
obpasoBame Kao JUIIOMA JOKTOPCKHX CTYAMja Ca HAYUHHM 3BaHEM AOKTOP
(u3nukHx Hayka.

Oopasnoxwerme

Yuusepsurery y Beorpaxy u ®usuuxom thaxyarery obparuna ce Maja
Kysmanocku pohena 18.05.1973. rox. y beorpaxy, Cpbuja. 3axreBom 3a nmpusHaBarme
auniome Yuusepsurera Hosu Jyxuu Benc y Cuauejy. Aycrpammja, Ha Kkome je
MMEHOBAHA CTEKIA 3BAMbE JOKTOPA HAYKa.

Crtpyunu opranu ®axyarera pasMOTpUIM Cy CBE CHHUCEe MpeaMera u
npeptoxkuan Komucuju VHuBepsutera I0HOIIEHmE OLTYKE. KOJOM Ce MpeaMeTHa
AMIIOMA TPU3HAje KA0 AMTIOMA JOKTOPCKMX CTyamja ca HayYHHM 3BamEM JIOKTOp
usuuknx Hayka, wro je Komucuja YHusepsurera npuxsaruna.

Ca n3noxenor, o/1y4eHo je Kao vy U3peLyu oBor peuiema.

[TOYKA O ITPABHOM JIEKY:

OBo peuieme je kOHAUHO Y VOPAaBHOM IIOCTYNKY, I1a C€ MPOTHB HEra MoKe
MOKPEHYTH YIPaBHH cnop kox Bpxosnor cyaa Cpbuje, y poky ox 30 nmaHa ox gaHa
npujemMa peema.

PEKTOP
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pod. L[poaHKO Kosauesuh
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Oblast; Fizika

Zavrsila: 6. oktobra 2005

Diploma dodeljena:  15. decembra 2005

PCDACI O TEZI
PhD Doktor nauka
Naslov teze: Fizitka i opticka svojstva aerosola u eksperimentalnim kampanjama

KRATAK PREGLED UPISANIH SEMESTARA

Semestar Profesija Program

Semestar 2 2000 [strazivanje 2930 Fizika -Msc
Semestar 1 2001 Istrazivanje 1890 Fizika -PhD
Semestar 2 2001 Istrazivanje 1890 Fizika —PhD
Semestar 1 2002 Istrazivanje 1890 Fizika -PhD
Semestar 2 2002 Istrazivanje 1890 Fizika —PhD
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DETALJI O UPISANIM SEMESTRIMA

ISTRAZIVANIJE 2930 FIZIKA —Msc

Semestar 2 2000

Drugi deo

Phys 9103 [strazivacki rad iz fizike —redovno Nastavak istrazivanja
ISTRAZIVANJE 1890 FIZIKA —PhD

Semestar 1 2001

Deo prvi

Phys 9103 Istrazivacki rad iz fizike —redovno Nastavaki"ﬁ?ﬂ%}yﬁnja

Semestar 2 2001
Deo drugi
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Abstract Dust aerosols are abundant in the atmosphere and are very efficient ice nucleating particles at
temperatures below —15°C. Depending on temperature, dust particles containing certain minerals (i.e., feldspar
and quartz) are the most active as ice nuclei. A mineralogy-sensitive immersion freezing parameterization

for ice nucleating particle concentration (INPC) is implemented in Dust Regional Atmospheric Model
(DREAM) for the first time. Additionally, four mineralogy-indifferent parameterizations are implemented,

two for immersion freezing and two for deposition nucleation. Dust concentration and its feldspar and quartz
fractions are forecasted by DREAM for a dust episode in the Mediterranean in April 2016. DREAM results

are compared with vertical profiles of cloud-relevant dust concentrations and INPC from ground-based lidar
measurements in Potenza, Italy and Nicosia, Cyprus. INPC predictions are also compared with vertical profiles
of ice crystal number concentration (ICNC) from satellite observations for two overpasses over the dust plume.
The model successfully simulates the evolution and vertical extent of the dust plume. Mineralogy-sensitive

and mineralogy-indifferent INPC parameterization results generally differ by about an order of magnitude.
Forecasted INPC and observed ICNC values differ by an order of magnitude for all parameterizations.
Feldspar fraction increase within a dust plume during transport can increase INPC by around 6% at —35°C,
and up to 17% at —25°C, but sedimentation can reduce this effect. Over the Atlantic, mineralogy-sensitive
parameterization predicts horizontal distribution of clouds with higher probability of success, while in the
Mediterranean; the results for different parameterizations show lower variability.

Plain Language Summary Supercooled water droplets in clouds can freeze at temperatures around
—37°C. Dust particles immersed in water droplets can enhance formation of ice crystals at higher temperatures.
The efficiency of dust particles in ice initiation has been attributed to the presence of ice-active minerals,

such as feldspar and quartz. In this work, we use a computer model (DREAM) to calculate how mineral dust
particles from Sahara and Middle East are lifted and transported by the atmospheric flow. The model, includes
equations that predict ice initiation depending on dust concentration and mineral composition, temperature and
humidity. Atmospheric remote sensing observations from lidar and radar ground-based and satellite platforms
provide information about vertical structures of dust plumes, their horizontal extent, and estimations of the
dust particle and ice crystal concentrations in the atmosphere. We simulate a dust plume development in
Mediterranean in April 2016 and compare results with data from lidar stations (in Potenza, Italy and Nicosia,
Cyprus) and from satellites. DREAM successfully predicts horizontal and vertical extent of the dust plume

and provides good estimations of ice initiation. Feldspar, the most efficient mineral in ice initiation, is mostly
present in larger particles and can be more easily deposited during atmospheric transport.

1. Introduction

Interaction between aerosols and clouds is one of major sources of uncertainty in climate modeling and numeri-
cal weather prediction (Boucher et al., 2013). Particles in the atmosphere have a large influence on the physical
properties of clouds and their interaction with radiation, latent heat release, precipitation and cloud electrification
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(Kanji et al., 2017; Lohmann & Feichter, 2005). Aerosols, interacting with clouds, serve as cloud condensation
nuclei (CCN) or ice nucleating particles (INP). Homogeneous freezing of supercooled liquid droplets in the
atmosphere becomes increasingly important with decreasing temperature, while the droplets can be supercooled
to temperatures below about —37°C (Herbert et al., 2015; Ickes et al., 2015). These temperature conditions
and high ice saturation ratios are usually reached only in the upper troposphere. In higher temperatures, clouds
typically glaciate at lower supercooling by heterogeneous nucleation on INPs (Hoose & Mohler, 2012; Murray
et al., 2012; Pruppacher & Klett, 1997; Vali et al., 2015). Heterogeneous ice nucleation can take place directly on
the aerosol surface by deposition of water vapor molecules through the deposition nucleation process. Near the
water saturation level, water can condense in particle pores and freeze at low temperatures by the pore conden-
sation and freezing mechanism (Marcolli, 2014; Wagner et al., 2016). Above the water saturation, supercooled
droplets are formed and can freeze by an aerosol particle immersed in the droplet by the immersion freezing
(Madonna et al., 2009). A particle colliding with the droplet can induce contact nucleation (Vali et al., 2015).
Finally, particles can act as CCN and INP, at almost the same time and at the same temperature which is named
condensation freezing.

Findings from field experiments, modeling and laboratory studies suggest that mineral dust particles are very
efficient INPs even in regions distant from the desert sources (Cziczo et al., 2013; Hoose & Mohler, 2012;
Murray et al., 2012). The sources of mineral dust transported to the Mediterranean basin are mainly located in the
Sahara Desert (Tegen & Fung, 1994). The significance of mineral dust in ice initiation has led to the development
of parameterizations of ice nucleation due to dust particles by mechanism of immersion freezing and deposition
nucleation (DeMott et al., 2015; Niemand et al., 2012; Schrod et al., 2017; Ullrich et al., 2017). These param-
eterizations provide the dust ice nucleating particle concentration (INPC) as a function of cloud-relevant dust
concentrations and meteorological parameters, without an explicit differentiation of the dust mineral components.

Furthermore, several studies focus on the influence of dust mineral composition on its ice nucleating ability
(Atkinson et al., 2013; Harrison et al., 2016, 2019; Zolles et al., 2015). Atkinson et al. (2013) developed an INPC
parameterization applicable in atmospheric models for several minerals typically present in dust. They used the
parameterization based on these results in the Global Model of Aerosol Processes (GLOMAP) model (Mann
et al., 2010) and showed that feldspar-containing particles are among the most important ice nuclei at temper-
atures lower than —15°C. Vergara-Temprado et al. (2017) found that feldspar particles are prevailing INPs near
terrestrial sources, while marine organic aerosol (Wilson et al., 2015) are dominant INP in remote ocean loca-
tions. Further investigation confirmed that K-feldspars are generally very efficient ice nuclei although some alkali
feldspars may have high nucleating abilities with implications on INPC prediction (Harrison et al., 2016). Quartz,
as a major component of atmospheric mineral dust (Glaccum & Prospero, 1980), has been studied as a potential
INP contributor and has proven to be active as an INP as well (Holden et al., 2019, 2021; Zolles et al., 2015).
Harrison et al. (2019) analyzed the relative importance of quartz to feldspars in immersion ice nucleation, and as
a result, developed new INP parameterizations for feldspar and quartz concentrations. Boose et al. (2016) found
correlation between ice nucleating ability of nine desert dust samples and K-feldspar concentrations. Based on
their findings, they suggest that improvement in numerical dust model INPC predictions should be achieved by
simulations of feldspar and quartz concentrations in the atmosphere and use of relevant mineralogy-sensitive INP
parameterizations.

Mineralogy-indifferent INPC parameterizations have been applied in weather models to estimate the INPC abun-
dance in the atmosphere (Nickovic et al., 2016; Niemand et al., 2012). Furthermore, only a few weather or climate
models forecast dust concentration and routinely use it in an online INPC calculation (e.g., Hande et al., 2015;
Nickovic et al., 2016; Su & Fung, 2018). The INPC estimations for a small fraction of these models have been
compared with ground-based in situ concentration measurements (Atkinson et al., 2013; Niemand et al., 2012;
Vergara-Temprado et al., 2017) and with vertical profiles of cloud ice retrieved from ground-based or satellite
observations (Nickovic et al., 2016; Su & Fung, 2018).

Remote sensing measurements are a crucial information source for the validation of model results. Ground
based lidars and cloud radars with high temporal and vertical resolution can be used to investigate the relation-
ship between aerosols and clouds (Illingworth et al., 2007; Seifert et al., 2010) and have been used frequently
for model evaluations (e.g., Tsikerdekis et al., 2017; Solomos et al., 2017, 2019; Georgoulias et al., 2018;
Konsta et al., 2018; Kampouri et al., 2021; Varlas et al., 2021). Aerosol optical depth from the Aerosol Robotic
Network (AERONET; Holben et al., 1998) has been used to validate dust models (Basart et al., 2012; Gama
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et al., 2015) and is routinely used in the frame of Sand and Dust Storm Warning Advisory and Assessment
System (SDS-WAS) project (WMO, http://www.wmo.int/sdswas). Synergistic lidar and AERONET data are used
with methodologies developed within the European Aerosol Research Lidar Network (EARLINET; Pappalardo
et al., 2014) to provide dust-relevant lidar profiles (total dust, fine or coarse mode concentrations) which are suit-
able for the evaluation of dust models (Binietoglou et al., 2015). Binietoglou et al. (2015) used coarse-spheroid
concentrations derived with the LIRIC algorithm (Lidar-Radiometer Inversion Code; Chaikovsky et al., 2016)
to evaluate four regional dust transport models. POLIPHON approach (Polarization Lidar Photometer Network-
ing) has been developed to provide dust concentrations (Ansmann et al., 2011, 2012). Papayannis et al. (2014)
retrieved and intercompared lidar-derived dust mass concentrations from two different synergistic methodologies,
LIRIC and POLIPHON, highlighting the advantage of POLIPHON to provide dust concentration profiles in
cloud-free conditions and in presence of thin clouds, as it does not require spatio-temporally collocated lidar and
AERONET measurements. In recent years, the POLIPHON method has been extended to derive cloud-relevant
aerosol concentrations from lidar measurements, used then as input in mineralogy-indifferent INPC parameter-
izations (Ansmann, Mamouri, Hofer, et al., 2019; Mamouri and Ansmann, 2015, 2016; Marinou et al., 2019).
Marinou et al. (2019) performed inter-comparison of lidar-derived cloud-relevant dust concentrations with in
situ measurements on-board un-manned aerial systems. Particle concentrations show good agreement within
the measurement uncertainties for the majority of analyzed cases. In this study, we implement for the first time
a mineralogy-sensitive INPC parameterization into a regional coupled atmosphere dust numerical model. We
implement the feldspar and quartz parameterizations (Harrison et al., 2019) in the DREAM model (Nickovic
et al., 2016) and perform simulations for a Saharan dust episode in the Mediterranean during April 2016. Using
the model results, we quantify the relative contribution of feldspar and quartz to total INPC and compare these
results with parameterizations that do not explicitly take mineral composition into consideration. We compare
the model results with the retrieval of remote sensing observations performed during the INUIT-BACCHUS-AC-
TRIS experiment (Mamali et al., 2018; Marinou et al., 2019; Schrod et al., 2017).

The paper starts with the description of the DREAM model and INPC parameterizations implemented in the
model in Section 2.1. It is followed by Section 2.2 with a description of the observational datasets and algo-
rithms used. In Section 3.1 the model is compared with vertical profiles of dust mass, number and surface area
concentrations from the ground-based lidars. INPC parameterizations used in the model are also compared in this
section. In Section 3.2 the model results are compared with ice crystal number concentrations (ICNC) retrieved
from DARDAR (raDAR/IiDAR) products (Delanoé & Hogan, 2010) in the cross-section of the dust plume in the
Mediterranean Basin. In Section 3.3 we show the horizontal distribution of mineral fractions and the integrated
INPC profiles output from the DREAM model. The paper concludes with summary and conclusions.

2. Methodology
2.1. Modeling
2.1.1. Dust Regional Atmospheric Model (DREAM)

The Dust Regional Atmospheric Model (DREAM) (Nickovic, 2005; Nickovic et al., 2001; Pejanovic et al., 2012;
Vukovic et al., 2014) is an atmospheric dust cycle model, including emission, horizontal and vertical turbulent
mixing, large scale transport and deposition. DREAM forecasts are part of the SDS-WAS project. DREAM is
coupled with the Nonhydrostatic Mesoscale Model (NMM), as an atmospheric driver, so that they share the
same time step and dust is transported as a passive tracer. It is possible for the DREAM model to assimilate
ECMWEF (European Centre for Medium-Range Weather Forecasts) dust analysis in the initial dust field (Binieto-
glou et al., 2015). The DREAM model used in this study does not assimilate the dust field. Instead, DREAM was
initiated with dust concentrations set to zero (“cold-start”) several days before the studied period. Thus allowing
the model to develop meaningful dust concentration field at the date considered as the effective model start
(“warm up”) (Nickovic et al., 2016). Dust emission parameterization includes a viscous sub-layer between the
surface and the lowest model layer (Janjic, 1994) in order to parameterize the turbulent vertical transfer of dust
into the lowest model layer following different turbulent regimes (laminar, transient and turbulent mixing). Dust
productive areas are at grid points which are described as barren and arid soils. After the emission, dust is trans-
ported by horizontal and vertical advection and horizontal and vertical turbulent diffusion processes described by
the atmospheric model. The wet dust removal is proportional to the rainfall rate (Nickovic et al., 2001). Rainfall
can be produced by convective cloud scheme (Janjic, 1994) and by the Ferrier et al. (2002) grid-scale cloud
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microphysics scheme in NMM. The Ferrier et al. (2002) scheme is not aerosol-friendly, which means that it
does not take forecasted aerosol concentrations as an input to cloud process calculations. The dry deposition on
the Earth surface is parameterized according to the scheme of Georgi (1986). This scheme includes processes
of deposition by surface turbulent diffusion and Brownian diffusion, gravitational settlement, and interception
and impaction on the surface roughness elements. Particles are distributed in 8 size bins with effective radii of
0.15, 0.25, 0.45, 0.78, 1.3, 2.2, 3.8 and 7.1 pm. Size limits of the 8 bins are: 0.1-0.18, 0.18-0.3, 0.3-0.6 and
0.6-1.0 pm, for the clay fraction, and 1.0-1.8, 1.8-3.0, 3.0-6.0 and 6.0-10.0 pm, for the silt fraction (Pérez
et al., 2006). A version of the DREAM model has been also developed to simulate mineral fractions of dust aero-
sol (Nickovic et al., 2001, 2013). Ratios of eight minerals typical for dust are specified on the model grid at dust
sources based on GMINER30 gridded database (Nickovic et al., 2012). GMINER30 provides mineral fractions
of illite, kaolinite, smectite, calcite, quartz and hematite in clay size fraction. For the silt, size fraction, feldspar,
gypsum, calcite, quartz and hematite mineral fractions are available in the database.

In this study the DREAM model was set up with a domain covering Saharan and Middle Eastern dust sources
and dust transport in the Mediterranean (Figure S1 in the Supporting Information S1). The model is run with
0.1 x 0.1 horizontal resolution and 28 vertical levels. Dust-productive areas are defined using USGS (United
States Geological Survey) land cover data combined with sources originating from sediments in paleo-lake and
riverine beds (Ginoux et al., 2001; Nickovic et al., 2016). Grid points identified as dust-productive are overlapped
with dust mineral composition data from GMINER30 database. Dust source masks are calculated by multiplying
the silt and clay fractions in model grid points (Nickovic et al., 2001) by mineral fractions based on GMINER30
data in those grid points. Mineral fractions of dust, in our case those for feldspar and quartz, and total dust mass
concentrations in the atmosphere are simulated for each of the 8 size bins (Nickovic et al., 2016). The particle
number concentrations with radius greater than 250 nm and the surface area concentrations are calculated using
the modeled effective radii for each size bin and mineral fraction. The clay fraction in GMINER30 does not
include feldspar, although there is observational evidence of its presence in the atmosphere (Kandler et al., 2009).
To estimate feldspar fraction in clay, we use the same quartz-to-feldspar ratio as considered for silt-sized parti-
cles (Atkinson et al., 2013). Samples from feldspar group of minerals can have different ice nucleation abilities,
depending on the source (Harrison et al., 2016). Boose et al. (2016) found that in their samples, at temperatures
above —23°C ice-nucleating activity can be attributed to K-feldspar. At lower temperatures, quartz and sum of all
feldspars should be considered. Dust source masks, feldspar and quartz source masks in the model domain are
shown in Figure S1 in the Supporting Information S1.

2.1.2. Ice Nucleating Particle Concentration Parameterizations

There are several dust-dependent INPC parameterizations for immersion freezing at or above water saturation
(DeMott et al., 2015; Niemand et al., 2012; Ullrich et al., 2017) and deposition nucleation at ice supersaturation
(Steinke et al., 2015; Ullrich et al., 2017). Furthermore, mineralogy-sensitive parameterizations for the immer-
sion freezing regime are available by Atkinson et al. (2013) and Harrison et al. (2019). In this work, we use three
different model setups to parameterize the INPC for immersion and deposition freezing.

In this study, we use the mineralogy-sensitive parameterization by Harrison et al. (2019) (H19i) to address
immersion freezing and the mineralogy-indifferent deposition nucleation parameterization (Ullrich et al., 2017)
(U17d). This setup is addressed as H19i_U17d herein. H19i quantifies INPC for feldspar and quartz minerals.
In order to quantify the importance of feldspar and quartz as INPs, the mineralogy-sensitive immersion freezing
parameterization is used under the assumption of external mixing of particles consisting of different minerals.
The concentration of each mineral fraction forecasted by DREAM directly influences the number of particles
available for ice initiation in each size bin (Atkinson et al., 2013). Using dust, feldspar and quartz concentrations,
total INPC can be calculated as a sum for all size bins. Harrison et al. (2019) proposed a nucleation site density
parameterization for quartz, K-feldspar, plagioclase and albite. They found that their parameterization for K-feld-
spar is a better representati of INPC related to dust than those by Niemand et al. (2012) and Atkinson et al. (2013).
In this study we apply the INPC parameterizations for the K-feldspar, plagioclase and albite fractions separately
(Harrison et al., 2019). INPC contribution of feldspar is then calculated as the sum of the INPC contributions
from the three types of feldspar represented in the parameterizations. The GMINER30 database used in this work
provides information about feldspar fraction at dust productive areas. It does not include the detailed information
about fractions of K-feldspar, plagioclase and albite in dust sources. We assume that based on compiled measure-
ment data (Atkinson et al., 2013), K-feldspar accounts for 35% of total feldspar, with 65% being plagioclase. We
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consider albite to be a part of plagioclase as it is often done when discussing atmospheric mineral dust content
(Harrison et al., 2019). Following the parameterization by Harrison et al. (2019), we consider albite to be 10%
of plagioclase. Having in mind these feldspar components, and the fact that GMINER30 does not differentiate
between them, in the further text, we refer to them as feldspar. Harrison et al. (2019) parameterizations for quartz
and feldspar minerals with valid temperature ranges and standard deviations for log (n(T)) (n, is in units of cm2)
given in brackets, are the following:

Quartz: (—10.5 °C to —37.5 °C; 6=0.8);

log (ny(T)) = —=1.709 + (2.66 x 107*T7) + (1.75 x 107°T?) + (7x 107°T') ¢))
K—feldspar: (=3.5 °C to —37.5 °C; 6=0.8)

log (n(T)) = —3.25 4 (=0.793T) + (—=6.91 x 107°T?) + (=4.17 X 107°T"?)

+ (—1.05x 107*T*) (-9.08 x 107'7”) @
plagioclase feldspar: (—12.5 °C to —38.5 °C; 6=0.5);
log (n(T)) = (=324 x 107°T*) + (=3.17 x 107°T%) + (=0.106T7) + (-1.71T) — 12.00 ?3)
Albite: (—6.5 °C to —35.5 °C; 6=0.7);
log (n,(T)) = (3.41 x 107*T?) + (1.89 x 107°T?) + (-1.79 X 107°T) — 2.29 )

Additionally, we use the setup of DREAM presented in Nickovic et al. (2016) (D15i_S15d), which is also used in
daily operational dust and INPC forecasts in Republic Hydrometeorological Service of Serbia. In that model, the
immersion parameterization by DeMott et al. (2015) and the deposition nucleation parameterization by Steinke
et al. (2015) (S15d) are used. In another mineralogically indifferent setup, we use the parameterizations provided
by Ullrich et al. (2017) (U17) to address the immersion freezing and deposition nucleation (U17i and U17d,
respectively). U17i and U17d, as well as S15d parameterizations, are based on laboratory studies performed
within the AIDA cloud chamber (Aerosol Interaction and Dynamics in the Atmosphere) of the Karlsruhe Insti-
tute of Technology. U17i and U17d are based on desert dust samples collected from Sahara, Taklamakan Desert,
Canary Islands and Israel. S15d parameterization is based on dust samples which showed an enhanced freezing
efficiency in the deposition mode. The INPC parameterizations have been applied without any mathematical
smoothing at the transition temperatures between immersion freezing and deposition nucleation parameteriza-
tions (Nickovic et al., 2016). Marinou et al. (2019) analysis of five cases in the Mediterranean showed that the
U17d parameterization is able to provide dust INPC results in agreement with in situ observations, while S15d
parameterization overestimates the dust INPC abundance 3—4 orders of magnitude. For immersion mode, D15i
INPC comparisons with in situ measurements show agreement within 1-2 orders of magnitude, while U171 show
agreement within 2-3 orders of magnitude. When collocated ice crystal number concentrations (ICNC) were
considered, the INPC predicted from the D15i and U17i parameterizations were in the lower and upper bounds
of the observed ICNC.

All the INPC parameterizations with their valid temperature ranges and input parameters used in this study are
summarized in Table 1. The parameterizations described above have been used in the model in three different
setups:

1. The H19i_U17d setup, which is mineralogy-sensitive in immersion freezing mode, uses H19i parameteriza-
tion for immersion freezing and U17d for the deposition mode;

2. The setup described by Nickovic et al. (2016), which uses D15i and S15d parameterizations for immersion
freezing and deposition, respectively, and is denoted as D15i_S15d;

3. The third setup is based on immersion freezing parameterization U17i and deposition nucleation parameteri-
zation U17d from Ullrich et al. (2017), and is denoted as U17i_U17d.

In order to evaluate the expected contribution of feldspar and quartz to INPC in the model, as a result of miner-
alogy-sensitive model setup, we analyze their fractions in the source masks of the model domain (Figure S2 in
the Supporting Information S1). The mean fractions and standard deviations for feldspar and quartz fractions
in clay and silt, based on dust source grid points in the model domain, are shown in Table S1 in the Supporting
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Table 1
Ice Nucleating Particle Concentrations Parameterizations Used in This Study, With References, List of Input Parameters, Temperature Ranges in Which the
Parameterizations are Used

Parameterization Reference Freezing mode Input parameters T range [°C]

HI19i Harrison et al. (2019) Immersion K-feldspar S, T plagioclase S, —37.5t0 -3.5-38.5
Talbite S, Tquartz S, T to —12.5-35.6 to

—6.5-37.5 to —10.5

D15i DeMott et al. (2015) Immersion Dust n,s,, T —36.0to —5.0

S15d Steinke et al. (2015) Deposition Dust S, T —55.0 to —36.0

Ul7i Ullrich et al. (2017) Immersion Dust S, T -30.0 to —14.0

U17d Ullrich et al. (2017) Deposition Dust S, T —67.0 to —33.0

Information S1. The mass size distribution at the sources is assumed to be monomodal lognormal (Pérez
et al., 2006; Zender et al., 2003), as used in DREAM. The INPC fraction has been calculated based on H19i for
quartz fraction (H19iQ) and feldspar fraction (H19iF). Additionally, H19iF is calculated for the case in which
there is no feldspar in the clay fraction. When analyzing quartz contribution, it should be noted that the H19iQ
parameterization should be considered as an upper limit in quartz contribution to INPC: it is valid for freshly
milled quartz while the active sites on quartz are removed upon exposure to air and water (Harrison et al., 2019;
Zolles et al., 2015). In this analysis, feldspar is the dominant INP source, with the highest fraction of feldspar
INPs at around —25°C as expected due to K-feldspar activity. At higher temperatures quartz contributes to about
7% of INPC. At temperatures above —10.5°C, parameterization for quartz is not defined. At temperatures below
—25°C, quartz contribution becomes increasingly important with decrease of temperature. This contribution is
up to 30% at —35°C when feldspar is present in clay particles, and increases to 51% under the assumption of no
feldspar in clay particles. These results agree with findings of Boose et al. (2016). They show that at temperatures
between the homogeneous freezing limit and —33°C quartz can be a significant contributor to INPC.

2.2. Observations
2.2.1. Aerosol Observations and Retrievals

Data from two ground-based lidar measurement sites, at Potenza, Italy and Nicosia, Cyprus, are considered in our
study. MUSA (Multiwavelength System for Aerosol) is a mobile multi-wavelength Raman lidar system located in
the CNR-IMAA Atmospheric Observatory (CIAO) in Tito Scalo, 6 km far from Potenza, Southern Italy, on the
Apennine Mountains (40.60 N, 15.72 E, 760 m a.s.l.) (Madonna et al., 2011). The site is in a plain surrounded
by low mountains (<1,100 m a.s.l.). The PollyXT-NOA lidar system (Baars et al., 2016; Engelmann et al., 2016)
is a multiwavelength Raman lidar system of the National Observatory of Athens (NOA). During spring 2016,
and for the objectives of the INUIT-BACHUSS-ACTRIS experiment, the system was collecting measurements
at The Cyprus institute in Nicosia (35.14 N, 33.18 E; 181 m a.s.l.). Both instruments operate within EARLINET
(European Aerosol Research Lidar Network) and in the frame of the European ACTRIS-RI (Aerosols, Clouds,
and Trace gases Research Infrastructure). Measurements performed during the presence of thick dust layers
above the stations are used in this study. Specifically, we use the observations on 18 April 2016 in Potenza and
the observations on 21 April 2016 in Nicosia. Vertical profiles of particle backscatter coefficient and linear depo-
larization ratio at 532 nm have been retrieved: using (a) the EARLINET Single Calculus Chain (SCC) (D’Amico
et al., 2016; Mattis et al., 2016) with a vertical resolution of 60 m and temporal integration of 100 min for the
Potenza lidar; (b) using the PollyNET algorithm (Baars et al., 2016) with a temporal integration of 30 min and
vertical resolution of 7.5 m for the PollyXT-NOA lidar. The different integration time in the lidar observations
is due to the need to keep a balance between the homogeneity of the observed aerosol layer in the selected time
window and the signal-to-noise ratio for the lidar retrievals.

The profiles of concentrations of dust particles with radii >250 nm (n,,) and dust dry particle surface area
concentrations (S,) are calculated from the aerosol extinction coefficient profiles using the POLIPHON algo-
rithm and AERONET-based parameterizations. POLIPHON algorithm can be applied to lidar profiles from
both ground based and spaceborne instruments and, using the particle depolarization ratio signature of dust,
is able to separate the contribution of mineral dust from the total aerosol load. In the first step, the algorithm
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uses the profiles of thelinear particle depolarization ratio to separate dust and non-dust backscatter profiles
by means of physical thresholds of dust and non-dust particles (0.31 + 0.04 for dust and 0.05 + 0.03 for the
non-dust component; Ansmann et al., 2011; Baars et al., 2016; Freudenthaler et al., 2009; Gro8 et al., 2011; Grof
et al., 2013; Haarig et al., 2017; Miiller et al., 2007; Veselovskii et al., 2016) according to the dust separation
method described (among others) by Tesche et al. (2009) and Grof et al. (2011). Then, the vertical profiles of
dust backscattering coefficient is converted to dust extinction coefficient assuming appropriate values of dust
lidar ratio (45 + 10 sr for Saharan dust at 532 nm; Miiller et al., 2007; Nisantzi et al., 2015; Tesche et al., 2011;
Veselovskii et al., 2016). The parameters used for the conversion of particle extinction coefficients into cloud-rel-
evant dust number, surface area and volume concentrations are based on AERONET measurements and described
by Ansmann, Mamouri, Biihl, et al. (2019), Ansmann, Mamouri, Hofer, et al. (2019). POLIPHON algorithm is
applied to the lidar profiles from Potenza and Nicosia taking into consideration the conversion factors for North
African and Cyprus AERONET sites, respectively. Uncertainties in the SCC retrieved products, as well as in dust
and non-dust linear depolarization ratio, dust lidar ratio and conversion factors have been propagated through
all the steps of the POLIPHON algorithm. The uncertainties in the products are as follows: the dust extinction
coefficients can be obtained with uncertainty of the order of 20%—40%, while the uncertainty in the microphys-
ical parameters is of the order of 20%—-50% for the dust component (Marinou et al., 2019). To provide INPC
estimations, meteorological parameters (i.e., temperature and humidity) are also required as input. For the lidar
retrievals, these parameters are used from the operational systems GDAS (Global Data Assimilation System)
of the National Weather Service's National Centers for Environmental Prediction (NCEP) Ansmann, Mamouri,
Hofer, et al., 2019; Marinou et al., 2019).

Additionally, in situ measurements of INP samples, collected using UAVs during the INUIT-BACHUSS-AC-
TRIS experiment, and analyzed with the FRIDGE (FRankfurt Ice nucleation Deposition freezinG Experiment)
INP counter (Schrod et al., 2016, 2017) are used in comparison with the modeled INPC. A detailed presentation
and description of the UAV-FRIDGE data from this campaign is provided in Schrod et al. (2017), and for the
samples used in our work in Marinou et al. (2019). In brief, FRIDGE is an isostatic diffusion chamber, which
allows measurements at temperatures down to —30°C and relative humidity up to water supersaturation. And
encompass ice nucleation by deposition nucleation plus condensation/immersion freezing. Measurements during
an intercomparison experiment with controlled laboratory settings showed that the method compares well to
other INP counters for various aerosol types (DeMott et al., 2018). The errors of the INP measurements used
were estimated to be ~20% considering the statistical reproducibility of an individual sample, for the samples
used here.

2.2.2. Cloud Radar Observations and Cloudnet Retrievals

CIAO is a Cloudnet station (Stephens et al., 2002; https://cloudnet.fmi.fi) equipped with near infrared ceilometers
(Vaisala CT25k and Jenoptik CHM15k), a microwave radiometer (Radiometrics MP3014) and a Ka-band pulsed
polarimetric Doppler radar (Metek Mira 36). All datasets from these instruments are processed using the Cloud-
net algorithm (Illingworth et al., 2007), interpolated on the radar time and height resolution on a common grid of
30 s and 30 m in height. By exploiting the synergy between lidar and radar, for each range gate the various target
types, such as hydrometeors forming clouds and precipitation (liquid droplets, ice crystals, drizzle, rain), aero-
sols and insects are categorized. The target categorization is a fundamental input to retrieve liquid water content
(LWC) and ice water content (IWC) profiles, with the same resolution of observations. IWC is estimated using
the approach by Hogan et al. (2006) from radar reflectivity and temperature from the ECMWF forecast model
using a power relationship between IWC and radar reflectivity at 36 GHz. The formula is only applied when the
target is composed of ice, according to the target categorization. The retrieval is not reliable above rain or melting
ice when attenuation cannot be estimated accurately.

2.2.3. Satellite Products and the DARDAR Retrieval

The DARDAR retrieval uses collocated CloudSat, CALIPSO, and MODIS measurements to provide an ice cloud
retrieval product (Delanog et al., 2014) on a 60 m vertical and 1.1 km horizontal resolution. DARDAR ice crystal
concentration product (DARDAR-Nice) offers satellite retrievals of ice crystal concentration profiles obtained
from combined lidar-radar measurements (Delano& & Hogan, 2010). This product is limited to ice clouds with
an IWC larger than 10-8 kg m~3. Particle size distribution is integrated from 3 minimum size thresholds corre-
sponding to particles larger than 5, 25 and 100 pm. Retrievals obtained within mixed-phase clouds are flagged
and have larger uncertainties. DARDAR-Nice has been evaluated against theoretical considerations and a large
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Figure 1. Dust Regional Atmospheric Model simulated dust load (shaded contours) and A-Train constellation track (black and red line) for 20 April at 12UTC during
overpass A (a) and 21 April at 12UTC during overpass B (b). Red part of the satellite track indicates the cross section used in the comparisons with DARDAR products.

amount of in situ measurements and its estimates are expected to have uncertainties from 25% up to 50% (Sour-
deval et al., 2018). Concerning the overestimation of ICNC in cloud parcels warmer than about —30°C, due to the
assumption of a monomodal gamma particle size distribution (PSD) shape in the current method, can increase
the uncertainties by an additional 50%. Following the results of Marinou et al. (2019), which show that DARD-
AR-Nice falls between D15i and U17i INPC estimations derived from POLIPHON results, we compare the
DREAM INPC predictions with DARDAR ICNC products in mixed-phase clouds. To examine how the model
predicts the horizontal distribution of cold clouds, the ice water path (IWP) from the CLAAS-2 data set was used
(Nickovic et al., 2016). A comprehensive evaluation of CLAAS-2 results is presented in Benas et al. (2017).
Cloud properties are retrieved from the SEVIRI (Spinning Enhanced Visible and InfraRed Imager) instrument
onboard METEOSAT second generation (MSG). SEVIRI data are available with 15 min temporal and ~4 km
spatial resolution (Stengel et al., 2014). In order to ensure the homogeneity of the data set, the solar SEVIRI
channels of MSG-1, MSG-2 and MSG-3 were inter-calibrated (Meirink et al., 2013) with MODIS Aqua before
applying the cloud retrievals.

3. Results and Discussion

The efficiency of dust as INP is investigated for the case of dust advection above the Mediterranean between 18
and 21 April, 2016 (Figure 1 and Figure S3 in the Supporting Information S1). The outputs from the DREAM
model are compared against the ground-based measurements at Potenza on 18 April and at Nicosia on 21 April
2016. Both ground-based sites observed the Saharan dust during this period, along with occasional formation of
mixed-phase and cold clouds. The dust plume overpassed Potenza first and then Nicosia, after being advected
eastward. Comparison with satellite observations of the dust plume on 20 and 21 April is performed, as well. In
the first part of the analysis, we use aerosol subtyping products from CALIPSO and ground-based lidar measure-
ments to qualitatively evaluate the DREAM dust forecast and its implications on INPC estimations. In the second
part we compare the INPCs predicted from the DREAM model with the retrieved DARDAR-Nice product.

Figure 1 shows the dust plume, as simulated by the DREAM model, and the two A-train satellite overpasses (A
and B) during the episode. The overpass A was on 20 April at 12 UTC over central-south Mediterranean and the
overpass B was on 21 April at 12 UTC over Cyprus. In Figure 2, the dust mass concentration from the DREAM
model is compared to CALIPSO aerosol subtype products for the two overpasses. CALIPSO detected both the
dust particles and clouds present in the top of the dust layers in both cases. Additional presence of some pollution
in the dust layers of overpass B is also observed. The DREAM model successfully forecasted the dust advection
(in space, top height and time) as shown in the vertical cross sections of the dust plume. CALIPSO products
show that there are also marine and dusty-marine (marine and dust) particles present in the lower troposphere of
overpass A.
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Figure 2. CALIPSO aerosol subtype and cloud presence products (a and c) and Dust Regional Atmospheric Model vertical cross section of dust concentrations (b and
d) with isotherms (dashed red lines), along the satellite path during overpass A on 20 April and during overpass B on 21 April.

3.1. Comparison With POLIPHON Concentrations

DREAM predictions of mineral dust concentration have been compared against POLIPHON dust retrievals for
three cases: above Potenza on 18 April at 15 UTC (Po) (Figure 3 and Figure S4 in the Supporting Information S1),
and above Nicosia on 21 April at 3 UTC (Ni 1) and at 15 UTC (Ni 2) (Figure 5 and Figure S7 in the Supporting
Information S1). DREAM outputs are available every 3h, therefore we used the nearest DREAM output in time
to the POLIPHON products. Since the maximum possible difference between measurement times and DREAM
output time is less than 3 hr, for each studied case we estimate the variability of the DREAM model results is
represented by the profiles from +3 hr of the observation times. The uncertainties of POLIPHON products are
described in the previous section. Table 2 provides quantitative comparison of vertical profiles of dust concen-
tration and their geometrical properties. We calculate the center of mass (CoM), the correlation coefficient as a
function of height, the column mass concentration and its peak concentration from mass concentration profiles
from both DREAM and POLIPHON. As model and lidar data are available on different vertical resolutions, we
linearly interpolate POLIPHON products and DREAM outputs to 100 m vertical resolution. The comparison
metrics calculated from interpolated values vary by less than 1% from the calculations on native resolutions. Due
to the presence of clouds, some POLIPHON profiles do not have data at height levels above 6 km: therefore, we
derive the evaluation metrics based on data points where both DREAM and POLIPHON are available. Addition-
ally, we provide CoM and column mass concentrations for the whole DREAM vertical extent. We apply miner-
alogy-indifferent INPC parameterizations D15i, S15d, U17i and U17d to POLIPHON retrievals and DREAM
dust concentrations. The total dust concentration simulated in all the three experiments is the same, since it is
based on the same sources. Total dust concentration is used as input to mineralogy-indifferent parameterizations.
Feldspar and quartz concentrations are used as input to mineralogy-sensitive parameterization. Additionally,
we apply mineralogy-sensitive H19i parameterization to DREAM feldspar and quartz concentrations. Mamali
et al. (2018) found agreement within uncertainty limits between POLIPHON retrievals of dust concentration and
optical particle counter (OPC) measurements aboard unmanned aerial vehicles (UAV) within dust layers mixed
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Figure 3. POLIPHON and Dust Regional Atmospheric Model profiles of dust n,;, number concentration (a). F and
Q indicate feldspar and quartz concentrations. Ice nucleating particle concentration for the three model setups and two
immersion parameterizations used with POLIPHON data (b), for 18 April 2016 at 15UTC above Potenza station.

with near spherical particles and continental/pollution particles. They consider that the two techniques can be
used interchangeably and systematically with numerical models. Marinou et al. (2019) reported that DeMott
et al. (2015) and Ullrich et al. (2017) parameterizations applied to POLIPHON retrievals agree within the uncer-
tainty range in the immersion range and within one order of magnitude for deposition range, with the results
derived from UAV measurements. Based on these findings we compare DREAM and POLIPHON cloud-relevant
dust concentrations and INPC. The results are discussed for each case in the next section.

3.1.1. Potenza, April 18

During the first hours of the lidar measurements in Potenza on 18 April, a thick Saharan dust layer was detected,
between 4 and 6 km a.s.1. (above sea level), with clouds embedded in it, while cirrus clouds were present during
the complete measurement period at altitudes between 7.5 and 12 km (Figure S5a in the Supporting Informa-
tion S1). Figure 3 shows comparison of vertical profiles of dust concentrations and INPC from POLIPHON and
DREAM on 18 April. DREAM simulation of the dust episode above Potenza starting on 16 April until 19 April
is shown in Figure S5b in the Supporting Information S1. It is evident that although the maximum dust concen-
trations are observed at height of 5 km, dust is present even at lower heights with concentrations of ~30% to the
peak concentration. Potenza lidar, located at 760 m asl, provides measurements from 2 to 6 km.

Maximum dust concentrations during the lidar measurements are simulated at the height of 5 km in agreement
with the lidar range corrected signal (RCS) (Table 2, Figure 3). DREAM dust concentration profiles variability
(£3 hr) results in dust CoM, column mass concentration and the peak concentration variabilities of 3%, 20% and
15% respectively. CoM comparisons and correlation coefficients show that the model successfully simulated
the altitude of transported dust and its vertical distribution. When all the DREAM data points are included in
the CoM calculation, the CoM is found at a lower height. In the Potenza case, the model overestimated both the
column mass concentration and the peak concentration. Therefore, DREAM reasonably simulates the vertical
extent but overestimates dust particle concentrations, and INPC, when compared with the results from lidar
measurements. Figure 3 shows that the three DREAM INPC setups differ within one to two orders of magnitude
in immersion range at temperatures lower than —20°C. At higher temperatures, the mineralogy-sensitive setup
H19i_U17d underestimates INPC in comparison to D15i_S15d and U17i_U17d setups, as expected based on
results presented in Figure S2 in the Supporting Information S1. Vertical profiles of feldspar and quartz frac-
tions are analyzed (Figure S10 in the Supporting Information S1). Feldspar content is highest at 6 km height,
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Figure 4. Ice water content retrieved in Potenza using the Cloudnet retrieval scheme coarsegrained to model resolution (a)
and DREAM H19i_U17d INPC (b) from 16-22 April. Green contour line represents 1 pg/m?* dust mass concentration.

accounting for 21% of total dust mass concentration and declines to about 16% near the surface. Quartz, which
is less efficient than feldspar as an INP source, takes up a larger fraction of dust at lower heights. Potenza lidar
provides retrievals up to 6 km height, and is used only in estimation of immersion mode INPC at temperatures
higher than —25°C, at altitudes around maximum dust concentration. Overestimation of dust concentrations
by DREAM compared to POLIPHON is around 100% (Table 2) and produces corresponding differences of
one order of magnitude for INPC values predicted by D151 (setup D15i_S15d) and two orders of magnitude in
INPC values for U17i (setup U17i_U17d). It should be noted that it has been shown that day-to-day variability
of fine-mode dust mixing ratio is associated with ice occurrence frequency in clouds of 5%-10% (Villanueva
et al., 2020). Additionally, difference in freezing efficiency of dust on Northern and Southern hemispheres was
attributed to different mineral content of dust and specifically feldspar at —15°C.

Figure 4 shows the DREAM INPC (H19i_U17d) prediction (B) collocated with the Cloudnet IWC products in
Potenza (A) for the period of 1622 April. This is a qualitative analysis exploring DREAM INPC as an indicator
of presence of dust in appropriate atmospheric conditions for cloud development. The presence of dust-laden air
masses was found to berelated to cloud development above the Potenza station during the measurement period.
During this period, two Saharan dust plumes reached Potenza. Due to westerly flow, the first one reached the
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Figure 5. POLIPHON and Dust Regional Atmospheric Model profiles of dust n,;, number concentration (a). F and

Q indicate feldspar and quartz concentrations. Ice nucleating particle concentration for the three model setups and two
immersion parameterizations used with POLIPHON data (b), on 21 April at 3 UTC (Nil) and on 21 April at 15 UTC (Ni2) at
Nicosia.

Mediterranean on 14 April and was above Potenza on 16 April, with INPC production (according to the DREAM
model) coinciding with observed clouds above 6 km. The dust plume was transported northward on 17 April,
reducing the dust concentrations. Cirrus cloud development on 17 April was not indicated by INPC predicted by
the model. On 18 April, the observed clouds and the predicted INPC are vertically co-located. On 19-20 April,
advection of a drier air mass from northwest, with no dust present, was predicted by the model. Thus dust-re-
lated INPC were not predicted in that period. On 21-22 April, another dust plume reached Potenza, influencing
pre-frontal cloud development.

3.1.2. Nicosia, April 21

DREAM simulated the height of dust layer, its gradual altitude descent and intrusion in the planetary bound-
ary layer after 12UTC on 21 April over Nicosia in agreement with the lidar measurements (Figure S6 in the
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Table 2

POLIPHON (P) and DREAM (D) Comparison Metrics (Center of Mass, Column Mass Concentration, Peak Concentration and Correlation Coefficient) for the Three
Lidar Cases Above Potenza (Po; 18 April at 15 UTC) and Nicosia (Ni 1; 21 April at 3 UTC) (Ni 2; 21 April at 15 UTC) (Ni 2; April 21 at 15)

Center of mass [m] Column mass concentration [g/m?] Peak concentration [pg/m?] .

Correlation

Location P D D-all P D D-all P D coefficient
Po 4412 (4393,4422) 4310 3556 0.16 (0.11,0.21) 0.64 0.82 87 (60,114) 205 0.92
Nil 3778 (3597,3864) 4133 4143 0.45 (0.29,0.61) 0.32 0.32 155 (105,205) 119 0.79
Ni2 2819 (2797,2831) 2857 2841 0.56 (0.42,0.63) 0.49 0.50 263 (177,349) 134 0.84

Note. D-all represents the metrics for the whole DREAM profile (not limited to data points where POLIPHON products are available). Lower and upper values due to
the uncertainties of POLIPHON (coming from the natural variability and the retrievals uncertainties) are given in brackets.

Supporting Information S1). In Figure 5, the DREAM model is compared with the Nicosia observations on 21
April. For the 3UTC profiles (Nil), dust layer CoM from DREAM is higher than from POLIPHON (Table 2), as
the model did not predict the dust layer at 2.5 km height. DREAM dust CoM showed variability of 3%. For the
15UTC profiles (Ni2), CoM is correctly positioned in the model but with larger variability of 11%. Correlation
coefficients reveal that the main vertical structure of the dust plume was well represented by the model in both
cases. Due to lower DREAM vertical resolution, in comparison with POLIPHON, some features of the dust layers
might not be resolved by the model because of the complex vertical structure of the observed aerosol and the
coarser horizontal and vertical resolution of the model. DREAM peak concentrations show variability of 65%
and 90% for Nil and Ni2, respectively. The model underestimated both peak concentrations and the concentra-
tions of the layer below 3 km for Nil and between 2.5 and 4.5 km for Ni2. Nevertheless, for the rest of the alti-
tudes DREAM simulated column mass concentrations are within the uncertainties of the POLIPHON retrievals.
Considering that the model data are representative for the model gridbox of 0.1 X 0.1, while the POLIPHON
profiles are representative for the atmospheric column directly above the measurement point, this is a very good
agreement. We need to point here that only the dust concentrations at altitudes above 4 km contributed to the
INPC concentrations in this case, as temperatures at lower heights are above 0°C. A systematic model perfor-
mance study from Binietoglou et al. (2015) indicated that four evaluated dust models (including the DREAM
model used in this study) simulate systematically lower total amount of dust relative to the LIRIC profiles. In that
study, it was suggested that this could be caused by insufficient dust source strength, overestimated deposition
and wet scavenging parameters, or a combination of these effects. Data set used in the study was not sufficient

to discriminate between these factors. The mass concentration from the four

models showed significant correlation with the measured one. Additionally,
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103 [
102 %

10t

INPC [/71]

10°

10t

it was concluded that DREAM predicted sufficiently well the concentration

® UAV-FRIDGE . .
values. Better performance of DREAM could be attributed to the assimi-

DREAM D15i
@ DREAM U17i lation scheme used in that study only by that model. In both Nicosia cases
® DREAM H19i we see similar agreement in the three INPC setups at temperatures below

—20°C, with differences of up to an order of magnitude. H19i_U17d INPC
falls between D15i_S15d and U17i_U17d. Feldspar mass fraction profiles
show values greater than 20% at altitudes above 5 km (Figure S8 in the
Supporting Information S1). As in the Potenza case, quartz contribution is
z increased between 4 and 5 km but has a minor role in the INPC. In the Nil

case, Nicosia observations are available at altitudes which enable the use of
D15i and U17i_U17d INPC parameterizations. The results differ from those
obtained using the same parameterizations in the DREAM model, within one
order of magnitude (Figure 5). INPC values estimated by POLIPHON show
larger vertical variability compared to the model due to the higher resolution

-30

-25 -20 of lidar measurements.
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Additionally, we compare the model results with collocated in time

Figure 6. Ice nucleating particle concentration prediction by Dust Regional UAV-FRIDGE INPC measurements above Cyprus, described in more detail
Atmospheric Model on 21 April 2016 and the UAV-FRIDGE measurements by Schrod et al. (2016) and Marinou et al. (2019). Figure 6 presents the

(Marinou et al., 2019; Schrod et al., 2017) for immersion freezing (as a
function of temperature). The data points are slightly shifted from the actual

temperature for clearer presentation.

results of the comparison between the DREAM INPC and the in situ meas-
urements in the immersion freezing temperature range, for the mineralogy
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sensitive and mineralogy indifferent parameterizations. The UAV samples were collected at 2.5 km height and
for the analysis they were exposed to water saturation of 101% and temperatures at which the immersion freezing
is expected. UAV-FRIDGE data and uncertainties presented in this paper are adopted from Marinou et al. (2019).
We use mineral dust concentrations from the model at the same latitude, longitude and height at which the UAV
samples were collected. These concentrations are used as input to the D151, U17i and H19i parameterizations at
the same thermodynamic conditions used in the FRIDGE. The DREAM results are presented with typical uncer-
tainties of the INPC parameterizations (Harrison et al., 2019; Marinou et al., 2019). The variability of DREAM
results described by the +3h and —3h profiles would introduce variability in INPC estimations of 27%, 30% and
33% for H19i, D15i and U17i, respectively (not shown in the plot).

At —30°C and —25°C, the H19i parameterization predicts INPC values between those of the mineralogy indif-
ferent parameterizations, D15i and U171, similarly to the results presented in the comparisons with POLIPHON
(Figure 3 and Figure 5), and in a very good agreement with the UAV-FRIDGE measurements (within their
uncertainties). However, at —20°C, H19i underestimates INPC in comparison to D15i parameterization and
UAV-FRIDGE measurements. The analysis performed by Marinou et al. (2019) showed that dust is the domi-
nant contributor to INPC in this case of 21 April, and suggested that for dust D15i is applicable in immersion
temperature range, while in the deposition nucleation regime U17d results agree well with in situ observations.
The DREAM results of D15i underestimate INPC in comparison with FRIDGE measurements. It should be noted
that at 2.5 km height, DREAM underestimated the cloud-relevant dust concentrations in comparison with POLI-
PHON retrievals (Figure 5b), contributing to INPC underestimations. D151 parameterization is based on particle
concentration as input, and it is not affected by changes in particles size. On the other hand, H19i predictions are
influenced by particle size and mineral composition of dust. At the temperatures used in the FRIDGE experiment
(>—30°C), quartz contribution to INPC is expected to be small, so the most of the H19i INPC can be attributed
to feldspar. Majority of feldspar is present in the silt particles while its efficiency as an INP source is reduced
with increase of temperature. We assume that sedimentation of silt particles leads to an underestimation of H19i
prediction of INPC when compared to D15i at —20°C. It should be noted that in this case, relative contribution of
silt particles to total dust particle concentration is smaller than in the mean particle size distribution at the sources
in the model domain. DREAM results of H19 show closer agreement with UAV-FRIDGE results at —25°C and
—30°C, in comparison with the results of the mineralogy-indifferent parameterizations, but the sensitivity to
mineral composition contributed to underestimation at —20°C in this case.3.2 Comparison with the DARDAR
product.

We compare the vertical extent and distribution of INPC from the DREAM model with the ICNC from the
DARDAR-Nice product for two cases, shown in Figure 1. A recently published closure study presented the rela-
tionship between the INPC and ICNC in clouds at temperature ranges which promote immersion freezing and
deposition nucleation mechanisms, based on ground-based active remote sensing (Ansmann, Mamouri, Biihl,
et al., 2019; Ansmann, Mamouri, Hofer, et al., 2019). In the three closure experiments, in which clouds formed
in Saharan dust layers, the estimated INPC and ICNC values agreed within an order of magnitude. Marinou
et al. (2019) found that DARDAR-Nice estimates were between INPC values derived from dust profiles based
on CALIPSO measurements for two immersion parameterizations (D15i and U17) and within the errors of the
two parameterizations. At temperatures between —3°C and —8°C secondary ice production (SIP) processes can
be present in clouds, as well, and contribute to the ICNC (Field et al., 2017; Hallett & Mossop, 1974). Due to the
strong INPC dependence on temperature, high INPC values are expected close to the top of the upper aerosol—
cloud layers. Additionally, liquid droplets can be supercooled to temperatures around —37°C. We assume that the
ice crystals which nucleate close to the cloud top and then grow and fall through the lower layers of clouds. Since
this version of the model does not include a microphysics scheme fully coupled with aerosols, we discuss the use
of the INPC parameterizations as a proxy for ICNC estimation and whether the mineralogy-sensitive parameter-
ization presents a considerable improvement in INPC estimation.

Vertical cross sections of DARDAR-Nice during the overpass B have been previously compared by Marinou
et al. (2019) with the neighboring INPC profiles based on CALIPSO observations. They used the CALIPSO
L2 version 4 (V4) aerosol profile products and considered only quality-assured retrievals (Marinou et al., 2017,
Tackett et al., 2018). Besides the parameterizations used in our study, they also included soot contributions to
INPC based on parameterizations by DeMott et al. (2010) and Ullrich et al. (2017). They concluded that the
lidar-derived dust INPC can be used to estimate the minimum and maximum boundary of the ICNC in the clouds
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Figure 7. Comparison of Dust Regional Atmospheric Model simulated Ice nucleating particle concentration profiles using three model setups and DARDAR-Nice
product on 20 April, 12UTC during overpass A (a) and on 21 April, 12UTC during overpass B (b). Solid blue line represents DARDAR ICNC for D > 25 pm; while the
shaded blue area indicates D > 100 pm (lower limit) and D > 5 pm (upper limit) values.

formed in their presence when immersion is the dominant mechanism. DREAM INPC results in this case agree
with their INPC estimations within an order of magnitude. Overpass A cross section has not been analyzed in
this way due to the presence of clouds in dust containing profiles, therefore not satisfying the quality assurance
criteria. Based on these results we consider DREAM INPC comparison with DARDAR-Nice.

In this study, vertical cross sections of the DARDAR-Nice products are used to calculate the mean ICNC vertical
profiles (Figure 7). DARDAR can have some pixels misclassified as ice instead of mixed-phase clouds (Villanueva
et al., 2020). In analyzed cases, all the profiles were classified as mixed-phase clouds. Average DARDAR-Nice
product is calculated for ice crystal diameters greater than 5 pm, 25 and 100 pm. The relative uncertainties in the
individual profiles in the overpass A are in the ranges: 15%—83%, 14%—79%, 10%—85% for the mentioned diam-
eters. In the overpass B, the uncertainties are in the ranges: 27%-72%, 28%—68%, 33%—57%. These uncertainties
are not presented in Figure 7. To calculate average INPC profiles from the DREAM model, the satellite track was
used to locate nearest model grid points to the locations of observed clouds.

Mean simulated dust concentration profiles along the marked part of the satellite tracks of Figure 1 shows that
there is significantly less dust in the atmosphere during the overpass B (Figure S10 in the Supporting Infor-
mation S1). Peak concentrations decreased from 253 pg m= to 184 pg m~3 and integrated dust load decreased
from 1.1 g m~2 to 0.7 g m~2. However, at heights between 6 and 8 km, where the immersion freezing is likely to
occur, there is more dust in the overpass B. Additionally, the model predicts a cooler atmosphere than in overpass
A, shifting the immersion range to lower altitudes. The mineral composition of dust in the immersion range is
changed during transport (Figure S9 in theSupporting Information S1). Overall, these changes in mineral compo-
sition would make the dust produce around 6% higher INPC at —35°C and up to 17% percent higher at —25°C.
However, the total mass in silt bins was significantly reduced, mainly through deposition of larger particles,
reducing this effect.

In Figure 7a we see that DREAM INPC parameterizations provide a good proxy of the vertical extent and distri-
bution of the DARDAR ICNC in the mixed phase and cirrus clouds in overpass A. In the top of the cloud, where
we assume that ice crystal nucleate, agreement is observed between the three model setups and the observations.
The mineralogy-sensitive setup (H19i_U17d) shows the maximum INPC in the immersion mode, at —25°C, in
the temperature range where K-feldspar is the dominant INP source. At temperatures higher than —25°C, H19i_
U17d differs by an order of magnitude from the ICNC values. D15i_S15d setup estimates peak in INPC in the
deposition mode and underestimates concentrations in immersion mode by an order of magnitude. U17i_U17d
differs from the ICNC values by an order of magnitude, although it overestimates the maximum concentration
value.
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Table 3
Evaluation of DREAM INPC - DARDAR ICNC Comparison for Three Model Setups

The overpass A The overpass B

H19i_U17d D15i_S15d ul17 H19i U17d D15i_S15d  U17

Mean difference [17'] —4.1 22 11.1 -1.3 -10.5 7.0
Root Mean Square Difference [17!] 49 7.6 19.0 10.7 12.1 25.6

In overpass case B (Figure 7b), DARDAR-Nice product shows a much smaller vertical extent, not completely
covered by all three model setups, likely because of the coarser model vertical resolution. The model has 28
vertical levels based on the hybrid pressure-sigma coordinate (Janjic, 2003), having vertical resolution of several
hundreds of meters in the immersion temperature range. It is possible that the temperature representative of a
model grid box is too low to predict INPs based on immersion parameterization. In this case the highest alti-
tude with forecasted INPs is limited by immersion parameterization and model vertical resolution. Additionally,
DARDAR-Nice product, predicts ICNC at heights where homogenous nucleation is possible (around and below
—37°C)

In overpass case B, DREAM estimates larger INPC than in overpass case A because of the larger dust mass
concentrations in the immersion temperature range above 6 km. For this case, the efficiency of dust as an INP is
affected by the physical aging (Figure S9 in the Supporting Information S1) and in the different contribution of
quartz and feldspar fractions to total dust concentration. H19i_U17d- and U17i_U17d-predicted INPC depends
on ice nucleation active surface-site density and dust particle size bin effective diameter, while the INP fraction
in each size bin is dependent only on temperature. The particles in the two silt size bins with the effective radii
of 1.3 and 2.2 pm are very efficient as INPs at temperatures below —30°C (Niemand et al., 2012). Additionally,
in the mineralogy-sensitive H19i_U17d setup, the smaller contribution of feldspar influenced the reduction of
INP activity of dust at temperatures lower than —25°C. In case of overpass B, U17i_U17d predicts a smaller
INP fraction of total dust concentration than in overpass case A due to the warmer temperature at same heights
(Figure S2 in the Supporting Information S1). The difference in INPC estimation between overpasses A and B,
based on D15i parameterization is caused by the difference in total particle concentrations indicated by higher
dust concentration in the immersion temperature range (Figure S10 in the Supporting Information S1) and lower
dust concentration in silt bins (Figure S9 in the Supporting Information S1). At temperatures higher than —20°C,
more ICNC are retrieved in comparison to the higher altitudes and to the estimated INPC. A possible explanation
for the higher ICNC at lower altitudes could be that the ice crystals in these clouds nucleate close to the cloud
top (where the lowest temperatures are observed) and that afterward the crystals grow and fall through the lower
heights of the clouds formed (Ansmann, Mamouri, Biihl, et al., 2019; Marinou et al., 2019). Since the model
simulates only dust aerosols, it is possible that additional INPs at higher temperatures are from biogenic sources
(Nickovic et al., 2016; O’Sullivan et al., 2018; Welti et al., 2018; Sanchez-Marroquin et al., 2021). Table 3 shows
the evaluation of applicability of the three INP parameterization setups in DREAM, with the DARDAR ICNC
as a reference in the two studied cases. As discussed previously, H19i_U17d and U17i_U17d INPC capture the
general shape of the ICNC profile in overpass A. D15i_S15d shows the lowest bias, while positioning the peak
concentrations above the observed maximum of INPC. U17i_U17d predicts one order of magnitude more INPC
compared to ICNC. These results are in agreement with the results by Marinou et al. (2019) of comparison of
lidar-derived INPC with DARDAR-derived ICNC for the two immersion freezing parameterizations (D151 and
U17). It should be noted that in study of Price et al. (2018) in Atlantic, an INPC parameterization by Niemand
et al. (2012) overestimated INPC in comparison to samples collected in aircraft measurements. U171 uses some
of the same data as the parameterizations by Niemand et al. (2012) and is on average producing n, values a factor
1.64 times higher. In overpass B, DREAM is less successful in predicting the shape of the ICNC profiles and this
inevitably largely affects the comparison. D151 INPC prediction is below the ICNC, U17i_U17d predicts INPC
in a limited altitude range, and H19i_U17d INPC decreases sharply at lower altitudes. We follow the assumption
that the conditions were not favorable for the SIP and introduce the hypothesis that the ICNC can reach the values
of up to INPC (Marinou et al., 2019). The differences presented in Table 3 show that observed ICNC values are
within the range of the uncertainties of the parameterizations introduced in the H19i_U17d setup in the case A.
The setup uncertainties are described in Equations 1-4 and in Marinou et al. (2019). In the case B, DREAM
results indicate INPC underestimation. In both cases (A and B), H19i_U17d had most success in predicting
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Figure 8. Dust Regional Atmospheric Model simulated integrated Ice nucleating particle concentration values for H19i_U17d (a) U17i_U17d (b) and D15i_S15d (c)
setups. MSG IWP product (d) on 18 April, 15UTC, 20 April, 12UTC and 21 April. 12UTC.

vertical extent and the shape of the profile. Additionally, it shows the least root mean square difference when
compared to ICNC.

3.2. Comparison With MSG Ice Water Path

DREAM mineral fractions and INPC values are compared with the MSG IWP product in order to discuss the
performance of DREAM INPC setups on the prediction of horizontal patterns of ice clouds (Figure 8 and Figure
S11 in the Supporting Information S1). The INPC parameterizations are used to predict conditions for ice-initi-
ation in clouds in the presence of dust particles. The qualitative comparison between DREAM INPC and MSG
IWP uses the overlap between areas with predicted INP and observed cloud ice as an indicator of useful predic-
tion. Mineral fractions have been presented for mean concentrations in the immersion temperature range. Dust
mass can locally consist of 30% feldspar in Europe and Mediterranean. In the three presented cases, lower feld-
spar concentrations reach the north-eastern part of the model domain, due to deposition of silt particles. In those
areas quartz fraction is above 60%. The three INP setups differ from each other up to two orders of magnitude
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in the vertically integrated profiles. The largest differences are present in the south of model domain, to the west
over the Atlantic and in the north east near Caspian Sea. H19i_U17d INPC is generally between the U17i_U17d
and D15i_S15d values. H19i_U17d and U17i_U17d predict INPC over the Atlantic in the first two cases, but
miss the clouds between 30°N and 40°N in the last case. South of 30°N, H19i_U17d overestimates the production
of clouds. In southern parts of Europe and in the Mediterranean, the forecast patterns match the observed ones.
The INPC in the northeast part of the model domain is overestimated. U17i_U17d has similar patterns partly
because they rely on the same deposition parameterization. In these areas of “false alarm” (Nickovic et al., 2016),
where INPC is predicted but no clouds are observed, the values of H19i_U17d and U17i_U17d are similar in the
south. In the Caspian Sea region, U17i_U17d predicts slightly higher values, due to lower feldspar contribution
in the H19i_U17d. D15i_S15d predicts the lowest concentrations and, therefore, smaller “false alarm” areas, but
also shows less probability of predicting observed clouds over the Atlantic.

4. Summary and Conclusions

For the first time, a mineralogy-sensitive INPC parameterization has been implemented in an operational, regional
dust-atmosphere coupled model. A dust episode in the Mediterranean in April 2016 with dust plumes reaching
Potenza and Nicosia was analyzed. Atmospheric transport of feldspar and quartz minerals was simulated using
mineralogy-sensitive emission and transport schemes based on mineralogy of the dust sources. External mixing
of dust is assumed in the model. Dust forecast profiles have been compared with POLIPHON lidar retrievals of
particle number, surface area and mass concentrations. DREAM INPC predictions have been compared with
vertical profiles of POLIPHON INPC and DARDAR ICNC product for two A-train satellite overpasses of dust
plume. Horizontal distribution of INPs was evaluated using MSG-SEVIRI IWP product. The main limitation
of the current version of the model is that, while DREAM is fully coupled in terms of dust transport and INPC
predictions, dust concentrations are not coupled with the cloud microphysics scheme. This limits the possibilities
of model verification in terms of INPC direct comparisons with ICNC or IWP. Nevertheless, a useful comparison
can be made between modeled INPC and ICNC values derived from remote sensing observations.

We found that the DREAM model successfully simulates the evolution and vertical distribution of the dust
plume. In the vertical profiles, the three INPC setups (mineralogy-sensitive H19i_U17d and mineralogy-indiffer-
ent D15i_S15d and U17i_U17d) differ by about an order of magnitude. H19i_U17d presents a sharp maximum
in INPC at —25°C due to feldspar activity and sharper decrease of INPC at temperatures higher than —20°C. We
found agreement within an order of magnitude between forecasted INPC and observed ICNC values for all model
setups. In the two presented cases, the H19i_U17d model setup was closest to predicting the shape and extent of
the ICNC vertical profiles. Analysis of the vertical profiles of presented cases showed that variations in feldspar
content due to atmospheric circulation can change the productivity of dust as an INP by 6% at —35°C and up to
17% at —25°C. This effect can easily be reduced by physical aging of dust through deposition of silt particles,
where most of the feldspar mass is present.

Vertically integrated values of INPC have shown that U17i_U17d and H19i_U17d model setups have higher
probability to predict the presence of cold clouds than D15i_S15d over the Atlantic and Mediterranean. However,
they show differences in predicted INPC over Atlantic and the Caspian Sea region due to differences in feldspar
content.

The presented results strengthen the conclusions from previous in situ and laboratory studies of the importance of
including mineral composition of dust into INPC prediction by numerical models. In comparison to mineralogy
indifferent setups, where INP production in the immersion range changes over time due to particle concentration
or (in case of U17i_U17d) shows some additional variability due to particle size, the mineralogy-sensitive setup
provides a more detailed view on dust effectiveness and INPC prediction. It shows potential to be a better proxy
than mineralogy-indifferent parameterizations for ice initiation in numerical models based on predictions of
vertical extent and structure of cloud ice concentration and probability of success in predicting presence of clouds
based on IWP retrievals.

Model results agreement with measurements, presented here, gives confidence in possibilities of INPC prediction
and INPC estimation in areas where observations are sparse. Using mineralogy-sensitive parameterizations is a
step forward in quantifying the role dust plays as INP. Further analysis with long-term simulations and a dust
model with fully coupled microphysics scheme would provide better insight into the effectiveness of these model
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Abstract

Moss transplants of Hypnum cupressiforme and Sphagnum girgensohnii were tested for efficiency in detection of airborne
element pollution at a suburban background site during short time exposure of 15 days (twelve consecutive periods) and
during prolonged exposure from one to six months. Concomitantly, particulate matter (PM10, PM2.5) was sampled during
three identified Saharan dust episodes, while MERRA-2 data were used for estimation of dust concentration at ground level to
which the moss bags were exposed during 15-day periods. The concentrations of 22 potentially toxic elements were measured
in the moss and PM 10 samples. The results showed that 15-day bag exposure at the background location could not provide
a measurable and reliable signature of the elements in the moss transplants, except for Al, V, As, Ga, Y, and Tb, unlike the
extended moss bag exposure of a couple of months. These were also the only elements whose concentrations were increased
multifold in PM10 samples during the most intense dust episode, which was also recorded by S. girgensohnii bags exposed
in the corresponding 15-day period. The ratio of crustal elements (Ca/Al, Mg/Al) in PM10 and moss samples (3-month
exposed) was in line of those reported for dust transported from western Africa. The V/Al, Ga/Al, and Tb/Al concentration
ratio values in PM10 and S. girgensohnii samples were higher for dust days contrary to the As/Al ratio, which could be used
to distinguish between dust and fossil fuel combustion pollution sources. The moss bag technique could be used as a simple
tool for tracking long-range transported elements, but after prolonged moss bag exposure (3 months).

Keywords Air Pollution - Element Content - Active Moss Biomonitoring - Bag Exposure Period - Saharan Dust Intrusion

Introduction

Particulate matter (PM) air pollution is recognized as one
of the major threats to human health (Cohen et al. 2017;
WHO 2016). The chemical composition of airborne PM
depends on the geological background of the region and
anthropogenic emission sources. Although natural sources
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are highly involved in PM composition, anthropogenic
sources are mainly responsible for the adverse constituents
of PM (carcinogenic and toxic elements, polycyclic aromatic
hydrocarbon, etc.).

The air in urban areas is, almost by default polluted, since
numerous anthropogenic sources of pollution run all the
time at a local level. Long-range transport of air pollutants
adds to the locally emitted pollution. Furthermore, specific
urban topography contributes to poor ventilation and dilu-
tion of air pollution (Harrison and Hester 2009). Therefore,
the urban population is chronically exposed to a certain level
of ambient air pollution, so-called background air pollution
(Gomez-Losada et al. 2018).

Regulatory air pollution monitoring is mainly oriented to
measurements of air pollutants at presumable ‘hot spots’ of
pollution, while background air pollution is measured at a
limited number of monitoring stations due to economic con-
straints. The background air pollution is mostly estimated
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using different statistical models processing the available
monitoring and meteorological data (DEFRA 2014; G6mez-
Losada et al. 2018). In some cases, the background contribu-
tion might be a dominant portion of total pollutant concen-
tration in situ (DEFRA 2014). Note the total pollution at the
site represents the sum of transported and locally emitted
pollutant concentrations. For example, Saharan dust can be
transported far away from the source area influencing aero-
sol concentration and its chemical composition even at dis-
tant locations. The dust intrusion along the Mediterranean,
especially during the spring and summer season (April—
October), significantly contributes to particulate matter (PM)
content loading in Southern and Eastern Europe (Ganor
et al. 2010; Alastuey et al. 2016) subsequently adding to
the deterioration of air quality. Relatively high contents of
crustal (Al, Si, Ti, Fe, and K), trace (Mn, Rb, V, Cr, Sc, Be),
and rare earth elements characterized dust-related samples
(Querol et al. 2019).

Besides expensive instrumental methods, biomonitor-
ing represents a valuable approach to evaluate the ambi-
ent pollution, with the advantage of low-cost sampling of
systematically distributed organisms or their parts (Markert
et al. 2003 and references therein). Atmospheric deposi-
tion of PM and its-bound pollutants (major, minor, and rare
earth elements) has been successfully monitored by using
cryptogams—mosses and lichens (Riihling and Tyler 1969;
Berg and Steinnes 1997; Anici¢ UroSevi€ et al. 2017b, a and
references therein). Since cryptogams do not have a devel-
oped cuticle, root, and vascular system, they rely largely on
atmospheric deposition for nourishment. Moreover, these
organisms can be used as so-called active biomonitors (moss
transplants) with the possibility of a precise definition of
sampling site and time. The ‘bag technique’ has been widely
used and tested in air pollution biomonitoring due to the
simplicity of the biomonitor-form, easily applicable in any
experimental design, which represents a time-integrated
response to persistent air pollutants in a scale of several
months (Goodman and Roberts 1971; Ares et al. 2012;
Anici¢ Urosevi¢ and Miliéevi¢ 2020 and references therein).

Moss bag technique has been widely used for air pollution
monitoring of potentially toxic elements, and it has been
tested for that purpose in different (micro)environments,
industrial (Ares et al. 2011; Salo and Mikinen 2014; De
Agostini et al. 2020), urban (Culicov and Yurukova 2006;
Adamo et al. 2011; Vukovic et al. 2015; Hu et al. 2018), and
agricultural (Milicevic et al. 2017; Demkova et al. 2017), but
mainly at those sites with high air pollution. However, moss
bag ability to record background air pollution has only been
investigated in a few studies, in the rural area (Capozzi et al,
2016a), agricultural area (Milicevi€ et al. 2021), and urban
botanical garden (Anici¢ UroSevi€ et al. 2017b, a).

From our previous biomonitoring study (Vukovi¢ et al.
2015), we obtained information about the air pollution
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zoning during the summer season in the urban area of Bel-
grade (Serbia), a variety of air pollution on a small scale
(Vukovi¢ et al., 2016), and the sites that could represent the
urban background of air pollution (Anici¢ UroSevi€ et al.
2017b, a). In these studies, element concentrations in the
moss bags showed clear distinction between areas (zones)
and sites (crossroad, two- and one-lane street) with differ-
ent levels of pollution, exhibiting capability to reveal the
polluted environment. In the study by Vukovi¢ et al. (2015)
clear differences between results for industrial and areas with
high or moderate traffic flow, residential areas and parks
were shown. The study by Anici¢ UroSevié et al. (2017b,
a) concentrations of several analyzed elements (Sb, Cr,
Al, and V) showed significantly lower values in moss bags
exposed at locations in the inner part of the Botanical garden
in Belgrade and at the garden boundary close to high traffic
flow. In addition, the study Anici¢ et al. (2009a) showed
the increase of element concentrations in moss Sphagnum
girgensohnii with exposure time, starting from 15 days up
to 5 months. Significant enrichment of the elements was
also recorded after 15-day exposure, and it was higher than
the initial element concentration in the unexposed moss
material. An optimal moss bag exposure time should be as
short as possible due to practical reasons (to keep biomoni-
tor’s vitality, to record a short-time or accidental pollution
events). To achieve a measurable pollution signature in the
biomonitor at the background sites, the proposed minimal
periods of moss bag exposure from three weeks (Capozzi
et al. 2016b) up to two months (Ani¢i¢ Urosevic et al. 2017b,
a) indicate the methodological discrepancy in the literature.
It is still unknown if shortly exposed moss bags of several
weeks can reflect the accidental and slight changes in ambi-
ent element content caused by anthropogenic or natural
(e.g., desert dust intrusion) sources. Studying the moss bag
exposure is especially important in the conditions of rela-
tively low suburban background pollution, rarely monitored
regularly, to which every citizen is chronically exposed. In
addition, the moss bag technique has never been used for
monitoring of long-range transported desert dust intrusion.

In our study, two moss species were used as biomonitors:
Hypnum cupressiforme Hedw. and Sphagnum girgensohnii
Russow. The former is widely present in Serbia, and the lat-
ter, the most recommended for biomonitoring of air pollut-
ants (Ares et al. 2012; Gonzalez and Pokrovsky 2014), is an
endemic species in the south and middle European countries
that are often under the influence of long-range transported
desert dust from Sahara.

The aims of this study are i) to search for the measurable
element signature in two moss species exposed at a subur-
ban background site for different periods of exposure; ii) to
examine the extent to which reduction of direct wet and dry
atmospheric deposition influence the element content in the
exposed moss bags; iii) to test whether moss bag technique
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can detect elements that characterize Saharan dust intrusions
common for spring/summer season in the study area.

Materials and Methods
Study area

The study was carried out in the inner courtyard of the
Institute of Physics Belgrade (¢ =44" 51" N, A=20" 23’
E, H,=92 m), situated on the right bank of the Danube in
Zemun, a suburb of Belgrade (Serbia). The site is protected
from road traffic, and during the summer season represents
the place with presumably lower air pollution (a suburban
background) than in other seasons of the year (Vukovi¢ et al.
2015). This study was performed from April to October
2019 due to lack of activity of heating pollution sources in
a spring/summer season.

The climate of Belgrade is mild and generally warm—
moderate-continental with a yearly temperature average of
10.9 °C and annual precipitation in the interval from 540 to
820 mm (Republic Hydrometeorological Service of Serbia,
http://www.hidmet.gov.rs/eng/meteorologija/klimatologija_
srbije.php). The prevailing wind is N-NW, but the specific
‘KoSava’ wind (SE-ESE) blows with an annual frequency
of 26% and an average speed of 4 m s™! (Unkasevi¢ et al.
1999). The meteorological data specifically for the studied
period are presented in Figure S1 (Supplementary material).

(Bio)monitoring

Both studied moss species were collected at sites remote
from anthropogenic pollution sources: H. cupressiforme in
a national park of Serbia and S. girgensohnii in a pristine
area in Russia where the species is widely present. The green
upper part of the collected mosses was cleaned from extrane-
ous materials, washed thrice with bidistilled water, air-dried,
and used for the bag preparations (Ares et al. 2012; Vukovi¢
et al., 2016; Anici¢ UroSevic¢ et al. 2017b, a). A portion of
such prepared material was kept in the laboratory conditions
and used as a control sample for measurement of the initial
element content in the moss, necessary for an assessment of
net element content after the bag exposure. Polyethylene net
bags of dimensions 7 X 7 cm were filled with the moss mate-
rial and exposed at the studied site free hanging (Vukovié
et al. 2015). Each moss species were exposed in duplicate,
at open space, and under the improvised roof, for twelve
consecutive 15-day periods starting from April to October
2019 (summer, non-heating season). Such a design was used
to enable differentiation of the influence of atmospheric
deposition to the moss enrichment by elements, especially
in the case of precipitation events during the episodes of
Saharan dust. In addition, the wash-off effect to the element

content in moss bags during intense precipitation events
could be avoided using an improvised roof. The bags were
also exposed to one-, two-, three-, four-, five-, and six-month
periods to be sure about achieving element enrichment in
the moss tissue. After exposure, the moss samples were air-
dried, and duplicated moss samples were homogenized and
kept under stable laboratory conditions until the chemical
analysis.

Particulate matter monitoring

At the studied site, particulate matter (PM) was sampled
daily during the episodes of Saharan dust evidenced from
April to October 2019 by forecasting models, and for sev-
eral days after each episode. Specifically, 24-h samples of
PM10 and PM2.5 were collected by the referent particle
sampler (Sven Leckel MVS6, Germany) upon the proce-
dure prescribed by the European Standard for determin-
ing the suspended particulate matter in ambient air (EN
12,341:2014). Quartz fiber filters (Frisenette ApS, Denmark)
were used for the particle collection. The mass concentra-
tions of the suspended particulate matter were determined
following the standard gravimetric measurement method
(EN 12,341:2014).

Identification of dust episodes and dust surface
concentrations

Long-range transported aerosols, such as the Saharan dust
over the Mediterranean, are characteristic of the spring and
summer seasons (Israelevich et al. 2012). In this study, to
identify dust episodes affecting the sampling location, we
relied on World Meteorological Organization’s Sand and
Dust Storm Warning Advisory and Assessment System
(SDA-WAS) ensemble forecast (Terradellas et al. 2016),
available on https://sds-was.aemet.es/forecast-products/dust-
forecasts/ensemble-forecast. It involves a larger number of
models (global or regional) which have different character-
istics (differences are in horizontal and vertical resolution,
assimilation, dust emission, and deposition parameteriza-
tions). Dust optical depth from model simulations is evalu-
ated against AERONET (Holben et al. 1998) aerosol retriev-
als. SDS-WAS Regional Center for Northern Africa, Middle
East, and Europe calculates multi-model mean and median
dust optical depth and surface concentrations. In addition
to model results, MODIS Aerosol products (aerosol optical
depth and Angstrom exponent) were used to confirm dust
presence over the study area (https://worldview.earthdata.
nasa.gov). Three major dust episodes, which lasted for sev-
eral days, were identified during this period: 23-27 April,
26-30 May, and 8-15 June of 2019.

The Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA-2) data for dust surface
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concentration have been used in this work. MERRA-2 is
the most recent atmospheric reanalysis of the modern satel-
lite era provided by NASA’s Global Modeling and Assimi-
lation Office (GMAO, https://gmao.gsfc.nasa.gov/reana
lysissMERRA-2/). It is based on Goddard Earth Observing
System version 5 (GEOS-5) atmospheric general circula-
tion model and Goddard Chemistry, Aerosol, Radiation and
Transport (GOCART) aerosol module. The model resolu-
tion is 0.5°%0.625° (latitude by longitude), with 72 vertical
levels. It provides a mass mixing ratio of five aerosol species
(dust, sea salt, black carbon, organic carbon, and sulfate).
Details on aerosol data assimilation systems are described
in Randles et al. (2017). Dust concentrations at the studied
site in this work were averaged over 15-day periods of moss
bag exposure and used as complementary information in
discussion of dust contribution to the element content in
moss bag samples.

Chemical analysis of moss and PM10 samples

Both types of studied samples, mosses (~0.3 g) and filters
with collected PM10, were digested with 7 mL of 65%
HNO; (Merck, p.a.) and 1 mL of 30% H,0, (Merck) in Tef-
lon vessels for 45 min in a microwave digester (Speed Wave,
XPERT, Products + Instruments GmbH, Berghof, Germany).
After filtration through the filter papers (Blue Ribbon, Grade
15 (2-3 pm), @125 mm, FIORONI), the dissolved samples
were diluted with ultrapure water (18 MQ x cm) up to the
volume of 50 mL in volumetric flasks (Vukovié et al. 2015;
Anicic et al. 2017).

The concentrations of 12 elements (Al, Ba, Ca, Fe, K,
Mg, Mn, Ni, P, S, Sr, and Zn) were determined by induc-
tively coupled plasma-optical emission spectrometry, ICP-
OES (iCAP 6500 Duo, Thermo Scientific, UK), while the
content of 10 elements (V, Cr, Co, Cu, As, Cd, Pb, Ga, Y,
Tb) was measured by inductively coupled plasma-mass
spectrometry (ICP-MS, iCAP Q, Thermo Scientific, UK). A
Multi-Element Plasma Standard Solution 4, Specpure (Alfa
Aesar GmbH & Co KG, Germany) and low-level Elements
Calibration Stock, US EPA Method Standard (VHG Labs,
Manchester) were used for the calibration of the analytical
devices. This procedure was regularly used for the determi-
nation of the element concentrations in the moss samples
in many of our biomonitoring studies (Anici¢ UroSevi¢ and
Milicevi¢ 2020 and references therein). The methodology
for the determination of the element concentrations by ICP-
OES and ICP-MS was described in detail (with all limits of
detection and limit of quantifications) by Milicevié 2018.

The analytical quality of the element detection was checked
by the analysis of the analytical blank samples, and the refer-
ence materials, moss Pleurozium schreberi (Brid.) Mitt. M2
and M3 (Finnish Forest Research Institute; Steinnes et al.
1997), and aquatic plant (BCR-670), per each microwave
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bench (after every 11 samples). The recoveries of the element
concentrations in the reference materials were in the range
of 82-132%. The precision of analysis was estimated by the
variation coefficient of three replicates of 20% moss samples;
the relative standard deviation (RSD) of the replicate samples
was within+ 11% for the measured elements. The initial ele-
ment content was measured in four control subsamples of both
studied mosses, and RSD varied up to 10%, except for Cr, Zn,
Y and Tb (up to 18%). For filters with PM 10, a blank Quartz
fiber filter was used for the analytical quality control.

Data processing

Software Statistica 8.0 (StatSoft Inc, Tulsa, OK, USA) was
used for the data processing. The control of the moss bag
experiment was not only the initial element content (Cj;;,) in
the unexposed moss material, but the limit of quantification
of the moss bag technique (LOQt) was calculated following
the equation:

LOQt = xCi + 1.96sCi (1)

where xCi is the mean value of the initial concentration in
the unexposed moss (control samples) for each element
determined, while sCi is the corresponding standard devia-
tion. Calculation of the LOQr enables clear distinction of the
element concentrations in the exposed and unexposed moss
material; thus, the ‘noise’ associated with the methodology
of moss bag technique is already included in data interpre-
tation. The strict definition of LOQ coming from analytical
chemistry, which defines LOQ as 10sCi, can be detracted in
the active moss biomonitoring to 1.96sCi due to a normal
element distribution in the unexposed moss material (Ares
et al. 2015).

For testing differences between the element concentrations
in the samples of the same moss species under the roof (R)
and at open space (O), we applied the sign test (a nonpara-
metric test), due to the relatively small sample size. In addi-
tion, differences between the element concentrations between
two moss species (H. cupressiforme and S. girgensohnii) were
tested by Wilcoxon matched paired test. To determine sig-
nificant differences in the elemental concentrations between
different periods of the moss bag exposure, Mann—Whitney
U test was used. To assess the specific associations and origin
of the elements, Spearman’s correlation analysis between the
element concentrations was done. All tests were performed at
the confidence level of p < 0.05.

As a measure of moss capability for the element accumu-
lation, relative accumulation factors (RAF) were calculated
according to the equation:

RAF = (Cexposed - Cinitial)/cinitial (2)
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where the element concentration in the moss after exposure
(Cexposea) Was reduced and divided by its concentration in the
moss before exposure (Ciia)-

Enrichment factors (EF) (Bargagli et al. 1995) of the ele-
ments in the mosses were calculated according to the typical
crustal values (Mason 1966) and local topsoil values (Ani¢i¢
et al. 2007) using the formula:

EF = (E/R)moss/(E/R)E.crust/lopsoil (3)

where E represents a particular element in the sample and
R represents a referent element (Al was used as a referent
element for other measured elements in the natural back-
ground, such as the Earth’s crust or local topsoil. If EF is
close to unity, then crustal material is likely to be a predomi-
nant source of the element (E) in the studied sample (moss),
while EF values higher than one suggest the contribution of
non-crustal sources (Bergamaschi et al. 2002; Berg et al.
1994; Wang et al. 2005).

Results and Discussion
H. cupressiforme vs. S. girgensohnii

H. cupressiforme moss is widely present species in the stud-
ied climate, while S. girgensohnii, although highly recom-
mended for biomonitoring purpose, rather represents an
endemic species in the study area. Hence, we intend to test
both species and their interchangeable use at the studied
suburban background site, with relatively low air pollution
confirmed by previous PM measurements (Vukovi¢ et al.
2015). The initial element concentrations in the unexposed
moss material represent one of the factors influencing the
efficiency of element entrapment by moss and expected
to differ in the two moss species. In this study, both moss
species were collected from the pristine areas selected for
the purpose of all our active biomonitoring studies (Anici¢
et al. 2009a, 2009b; Vukovi¢ et al. 2015; Mili¢evic¢ et al.
2017; Anici¢ UroSevié et al. 2017b, a; Ani¢i¢ UroSevié¢ and
Miliéevié 2020 and references therein). The measurements
showed that the initial element concentrations in the mosses
were at a similar level to those measured in the previous sur-
veys. However, the values in the moss S. girgensohnii were
lower than in H. cupressiforme, except for Mg, Mn, and K
(Table S1, Supplementary material). This difference in ele-
ment composition between the mosses can be a consequence
of their morphological features and growth rates (Zech-
meister 1995) and environmental pollution of the pristine/
background areas. H. cupressiforme represents pleurocar-
pous moss with a spread carpet-like thallus in tight contact
with the substrate and a relatively low growth rate, which are
predispositions for increased element content. Conversely,

S. girgensohnii, whose thallus is growing upright, achieves
typically high biomass with low element enrichment
(Mohamed, 2014). In addition to specific morpho-physio-
logical and ion-binding preferences (Brown 1982; Gonzélez
and Pokrovsky 2014; Varela et al. 2015; Glime 2017), the
lower initial element content in S. girgensohnii suggesting
that cation-exchange sites were not saturated with basic cati-
ons, which possibly influenced better element adsorption
capacity in comparison with H. cupressiforme species (see
discussion in Section 3.4). The indication of more efficient
entrapment of elements by moss with low initial element
content was also shown in previous research (Culicov and
Yurukova 2006; Gonzalez and Pokrovsky 2014). In present
research, low standard deviations (SD) of the initial element
concentrations measured for the S. girgensohnii subsamples,
except for Ni, Sr and Pb, testify about more homogeneity
of the initially used moss material for the bag preparation,
contrary to H. cupressiforme. The uniformity of initial moss
material very likely influenced the element concentrations
in the exposed moss bags, especially in case of short expo-
sure time. Although short-time exposed moss bags (15-day
exposure time) showed low element enrichment, variations
of element content in H. cupressiforme bags were notable
between consecutive 15-day exposure periods which can be
influenced by pronounced variations of the initial element
concentrations (SD) in the unexposed material of this moss
(Fig. 1, Table S1). It should be noted that the initial element
concentrations are indicated in Fig. 1 and Table S1. Since
the unexposed S. girgensohnii material showed to be more
homogenous and with lower initial element content than H.
cupressiforme, this species can be considered as more reli-
able for testing the short-time moss exposure periods provid-
ing better replicability of the results.

The prolongation of bag exposure (up to six months) usu-
ally led to higher and more stable element enrichment in
the tissue of both moss species, diminishing the influence
of variability of the initial element content. The element
enrichment in H. cupressiforme gradually increased with
prolongation of exposure time, reaching a kind of plateau
after the third month. Moss S. girgensohnii samples were
also characterized by an increase of the element concentra-
tions with time, but with a sharp decrease of the concentra-
tions in two- and four-month exposed moss samples. These
periods of the year (June—August) were characterized by
increased air temperature and several days of intense pre-
cipitation events, which, as will be discussed in more detail
in Section 3.3, represent unfavored environmental conditions
for capture and keeping of airborne elements (Figure S1).

Besides different initial element content in the studied
mosses and different thallus form number of ion-binding
sites on the membrane surface could influence differences
in the element uptake during the moss exposure. Still, cor-
relation analysis applied to all exposure periods showed a
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Fig. 1 The element concentrations (ug g~') measured in the moss H.

spring/summer season 2019; the element concentration in the unex-

posed moss material (initial C); limit of quantification for the moss
bag technique (LOQt); *excluded data due to unforeseen local emis-

sion—landscaping and mowing a surrounding lawn

cupressiforme (H.c.) and S. girgensohnii (S.g.) samples exposed for

twelve 15-day consecutive periods (15.1-15.12d), one-, two-, three-,

four-, five-, and six-month periods (1 m, 2 m, 3 m,4 m, 5 m, 6 m,

respectively) at open space (O) and under the roof (R) during the
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Fig.1 (continued)

good correlation of V, As (r>0.89), Ba, Ca, Ga (r>0.7),
Zn, Cd (r>0.6), Co, Mg, Tb, and Y (r> 0.5) concentrations
between the two studied moss species, exposed at open
space (Fig. 2). This finding suggests a possible comparable
use of H. cupressiforme and S. girgensohnii for biomonitor-
ing of the above-mentioned elements, particularly V and As.

Moss element concentrations vs. exposure time

An optimal moss bag exposure time is also one of the crucial
variables influencing a reliable signature of elements in the
moss, especially at a background site with a relatively low
airborne element burden. The optimal duration of moss bag
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Fig. 1 (continued)

exposure has often been tested in diversely polluted environ-
ments. However, previous studies mainly considered longer
moss bag exposure times, lasting from a month to several
months, but the most often in the condition of increased
ambient pollution, around industrial sources or in urban
areas (Ares et al. 2012). In addition, the majority of our moss
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bag studies (e.g., Vukovic et al. 2015, 2016) were performed
in the urban area of Belgrade city, which is characterized by
increased level of air pollution in comparison with a rural or
remote areas, that guarantee the remarkable element enrich-
ment in the moss material during exposure. Here, in this
study, we focus on testing the applicability of the moss bag
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Fig. 1 (continued)

technique in research of dynamics of airborne PTEs at the
suburban background site, during a period of expected intru-
sions of long-range transported dust. The possibility of an
accidental influence of remote emissions to the studied site
set a challenge for testing a short-time bag exposure, bear-
ing in mind that these events usually last up to several days.
Recent research by Capozzi et al. (2016b) showed that three
weeks of Pseudoscleropodium purum bag exposure in a
rural (unpolluted) area were not enough to achieve a consist-
ent signal of the PTEs in the moss, above the LOQt, while
only a small difference occurred between six and 12 weeks
of bag exposure. Despite this conclusion, we followed our
previous experience regarding different periods of moss bag
exposure at suburban background site that the significant
accumulation of the PTEs in S. girgensohnii bags was found
after two weeks of exposure (Anici¢ et al. 2009a). Hence,
in this study, we have defined 15 days as the minimal moss
bag exposure time. Although the LOQt criterion was not
applied in Anici¢ et al. (2009a), the moss element uptake
after 15-day bag exposure appeared meaningful.

Figure 1 presents the element concentrations in the two
moss species that were exposed in the bags for different peri-
ods of time (from 15 days to six months) at the study site.
The level of element load in the exposed mosses was studied
considering the initial element content in unexposed moss
material, and the LOQt (defined in Section 2.6). The latter is
a stricter criterion for overcoming a possible error associated
with an effect of averaging the initial element content in the
unexposed moss material. Element concentrations in both
mosses were increased with the prolongation of exposure,
achieving the highest values after several months, not neces-
sarily after the longest moss exposure of six months. In addi-
tion, not all the elements showed the same temporal dynam-
ics of concentration change in the mosses, which certainly
depends on their presence in the ambient, the initial element
concentrations in moss, the morpho-physiological charac-
teristics of the used mosses, the affinity for ion-exchange
sites on cell membranes, etc. (Varela et al. 2015; Ares et al.
2012). The database for all elements determined in the moss
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bag samples after different exposure times is provided in the
Supplementary material (Table S1).

The presented results indicate that 15-day period of moss
exposure was not enough for achieving a reliable signature
of the majority of measured elements in the moss tissue of
both studied species, since the accumulated element con-
centrations were close to their initial element content. With
the prolongation of bag exposure (from one to six months),
the element enrichment in the tissue of both moss species
has become more defined, i.e., were increasing with time.

Considering the shortest periods of 15 days, the ele-
ments that were significantly enriched in both exposed
mosses (above the LOQt) were, particularly Al, but to some
extent As, Ga, Tb, V, and Y, while Pb and Zn were enriched
only in H. cupressiforme and S. girgensohnii, respectively
(Fig. 1). The total concentrations of these elements signifi-
cantly correlated with each other, but with higher correlation
coefficients in H. cupressiforme (r>0.8) than in S. girgen-
sohnii (r>0.6). The correlation of net accumulated element
concentrations (after excluding the initial values) will be
discussed in more detail in Section 3.4. Most of these ele-
ments are typical soil constituents (Kabata-Pendias 2011),
and the resuspension process and meteorological conditions
can contribute to their increased content in the air, especially
during dry spring/summer season. Note that the two moss
species in the consecutive 15-day exposure periods showed
different trend of the element variation in the studied ambi-
ent. The possible explanation lays in their different morpho-
physiological features and the initial elements content, dis-
cussed in the Section 3.1. However, in the seventh 15-day
period (15.7.d), unexpectedly high concentrations of all the
elements were measured in the mosses, particularly in S. gir-
gensohnii samples. This peak of the element concentrations
was likely related to an unforeseen local emission—Iland-
scaping and mowing of a surrounding lawn, which caused
strong local topsoil resuspension, and hence we decided to
exclude this data due to non-representativity.

An extended moss bag exposure (from one to six
months) was used in addition, as a proven method to
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Fig.2 Correlation between corresponding element concentrations (As, Ba, Ca, Cd, Co, Cr, Ga, Mg, Tb, V, Y, Zn) measured in two moss species

H. cupressiforme and S. girgensohnii

achieve the stable pollutant signature in the mosses at the
sampling site. The moss element content has increased
with the bag exposure time, and statistically significant
element enrichment in comparison with LOQt values was
achieved after two—three months for both studied species
(Fig. 1, Table S1). A similar conclusion was reached in the
previous study (Anici¢ et al. 2009a), in which only the S.
girgensohnii bags were exposed from 15 days up to five
months at the same suburban site, but on the roof terrace
of the Institute, which is more traffic-oriented, unlike the

@ Springer

sampling site in this study, which is in the inner courtyard.
In comparison with the previous study, enrichment of S.
girgensohnii tissue by the PTEs was less pronounced in
the present study, especially for Fe and Pb (possibly due
to the phase-out of leaded gasoline in the meantime). For
some other elements (Ba, Ca, Co, Sr, V), it looks like
an enrichment plateau was reached after six months of
exposure (Figure S2). It is worth noting that the consecu-
tive 15-day periods of the moss exposure in the present
study gave evidence that there was no uniform element
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Fig.2 (continued)

enrichment with time in the mosses. Also, the element
content in the moss bag exposed for prolonged periods
is not a simple sum of its content during shorter 15-day
exposures. The cumulative element content in the moss
after several months of exposure represents a dynamic
equilibrium between adsorption and release of the PTEs
in favorable (humidity) or unfavorable (strong wind and
intensive precipitation events) conditions. Salo and Maki-
nen (2019) showed that bags of ectohydric moss species
Sphagnum papillosum collected PM more efficiently in
humid conditions. Furthermore, the loss of coarse parti-
cles from the moss surface is inevitable in long-term bag
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exposure, while smaller size particles (classes <2.5 um)
are more efficiently entrapped and kept on rough moss sur-
face (Tretiach et al. 2011). The comparison of two-month
element enrichment in the mosses from this study with
the previous summer study regarding air pollution zoning
in Belgrade, using the same biomonitors (Vukovi¢ et al.
2015) showed that the majority of the analyzed elements
from this study were in the concentration range estimated
for the residential zones. The residential zones in the pre-
vious study were recognized as less polluted than the typi-
cal urban ones (with intense traffic flow). The exceptions
are Co, Cr, Cu, and V, whose concentrations in this study
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exceed the levels found in the residential zones and were
at the level characteristic for the typical urban zones.

Extension of exposure time did not lead to increased con-
centrations of all measured PTEs in the moss tissue. Namely,
concentrations of a couple of macroelements (K, P) in the
exposed moss bags were lower than the initial content in
the unexposed mosses (Table S1). For some other elements
(Mn, S), strong depletion of the concentrations was recorded
in the 15-day exposed bags of both species, but with slight
increase with extension of exposure time. Note that at the
same time, depletion of these elements was less pronounced
in the bags exposed under the roof than those exposed at
open space. This phenomenon was also recorded in the
previous study (Anic¢i¢ et al. 2009a) for a studied moss S.
girgensohnii exposed at open space. The above-mentioned
elements are physiologically active macroelements, and
they were probably leaching from moss transplants due to
the cell-membrane damage and its interruptions caused by
changing the moss native ambient (Spagnuolo et al. 2011).
Still, this depletion was less pronounced in the moss samples
set under the roof that provided some kind of shadow ena-
bling more favorable microenvironmental conditions for the
exposed mosses. However, the lack of the above-mentioned
element accumulation in the exposed moss bags is evident,
which does not favor the use of the mosses for biomonitoring
of these macroelements. Further discussion will be predomi-
nantly focused on the elements that were accumulated above
the LOQt in the exposed moss tissue.

Moss bags at open space vs. moss bags under roof

Exposure of the moss bags under the roof was aimed at
diminishing the influence of wet and dry atmospheric depo-
sition of aerosols to the element content. The moss sam-
ples under the roof receive airborne pollutants mainly by
wind or fog. The moss bags hung under the improvised roof
showed the lack of substantial element accumulation after
the 15-day exposures, which remained at a similar level with
prolongation of the bag exposure (Fig. 1). The total element
concentrations in the moss samples exposed at open space
were usually higher than those in the moss bags that were
hung under the roof, especially for longer periods of bag
exposure (>2 months). This indicates the important effect
of wet and dry deposition on element content in exposed
moss samples. Namely, wet deposition can contribute to the
more efficient sorption of elements from the solution, while
intense precipitation events cause wash-off of particles from
the exposed mosses. Calculated for all tested periods of the
moss bag exposure, the difference between mosses at open
space and those under the roof was statistically significant
(p<0.05) for Al, Fe, K, Li, Mn, P, S, V, Cr, Cu, Cd, Pbin H.
cupressiforme, and Ba, Fe, P, Pb, S, Zn, V, Cr, Co, Cu, As,
Cd, Ga, Y, Tbin S. girgensohnii. In a laboratory experiment
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(Gonzalez and Pokrovsky 2014), both mosses S. girgensoh-
nii and H. cupressiforme demonstrated very fast adsorption
kinetics in metal solution, and steady-state element concen-
tration is achieved in several minutes, remaining constant for
a longer time. It suggests that the element-binding from the
rain solution in real conditions had predominance over the
moss wash-off effects by precipitation. However, increase
of rainfall intensity possibly influences particle removal
from biomonitor (leaf) surface (Zhou et al. 2021). The field
study estimating metal uptake efficiency from precipita-
tion in moss (Ceburnis and Valiulis 1999) showed that the
best retained elements were Pb, Ni, Cu and V, and signifi-
cantly lower uptake for Cd, Cr, Fe and Zn, while Mn always
leached from the mosses. The similar pattern of the element
uptake was obtained in this study. Although average precipi-
tation during our study was relatively low, in May, June, and
at the beginning of August there were a couple of days with
increased precipitation, >20 mm day~! (Figure S1). Still, the
rain wash-off effect of the moss bags exposed for 15 days at
open space is hardly observed due to the mainly low element
accumulation rate during this minimal bag exposure (around
the LOQt). However, for the moss bags exposed for two and
four months (especially S. girgensohnii bags), the drop in the
element enrichment of moss tissue is observed, which could
be explained by the mentioned days with increased precipita-
tion. For the moss bags exposed under the roof, the reduction
of direct wet and dry deposition during the extended periods
of exposure substantially decreased the element enrichment
in the mosses. Thus, further discussion will be only focused
on the element concentrations in the moss bags exposed at
open space.

Relative accumulation factors (RAFs)
and enrichment factors (EFs)

The results show that both moss species testify about the
presence the certain elements in the studied environment,
particularly in their prolonged exposure. To exclude the
influence of initial element content on comparison of the
studied moss species, we calculated relative element accu-
mulation in the mosses (Table S2). The RAF values of the
elements in S. girgensohnii were mostly higher than in H.
cupressiforme, probably due to the lower initial tissue load
of the elements like Sr, Mn, Cd, Ni, Ca, and Cu, and the
opposite for Mg. Expectedly, in the samples exposed in
15-day periods, the average RAF values for the majority
of the elements in both moss species were close to zero or
negative, especially in H. cupressiforme, while longer bag
exposure provided the moss RAF increase. However, even
for the 15-day exposure periods significant accumulation
of several elements (Al, Ni, V, Pb, Ga, Y, Tb, As) in S.
girgensohnii is indicated by the average RAF values (4.1,
5.1,0.7,0.9, 1.1, 1.5, 1.3 and 1.0, respectively). Most of
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these elements are in focus of the analysis presented in
Section 3.5. The prominent average RAFs (> 1) for pro-
longed bag exposure (one to six months) were reached
for Al (4.3 and 4.7), Fe (6.8 and 0.9), Ni (2.3 and 4.5), V
(1.1 and 4.8), As (0.7 and 3.9), Ga (1.5 and 5.8), Y (1.4
and 8.1) and Tb (1.6 and 8.2) in H. cupressiforme and S.
girgensohnii, respectively. RAF values in the moss bags
under the roof were substantially lower than those in the
corresponding samples exposed at open space. The cor-
relation of RAF values between elements was stronger in
the case of H. cupressiforme than in S. girgensohnii (Fig-
ure S3), which is probably a consequence of strong soil
element signature in the pleurocarpous H. cupressiforme
species coming from its source habitat.

To recognize the effects of soil resuspension, enrichment
factors (EFs) were calculated following the element abun-
dance in the local topsoil and their values in the Earth’s
crust (Table S3), which indicates that the rest of the moss
enrichment with elements is probably originating from other,
mostly anthropogenic, sources. The enrichment of the ele-
ments in the exposed mosses was calculated using net ele-
ment concentrations (i.e., after subtraction of the initial ele-
ment content in the mosses). In both moss species, Al, Ba,
Fe, Ni, Zn, V, Cr, As, and Tb were enriched to some extent
for all periods of the bag exposure, according to both scales,
lithological and local topsoil. Calcium was enriched only in
S. girgensohnii bags after prolonged exposure periods. For
some elements (Pb, Ga, and Y), the concentration values in
local topsoil were not available.

After short bag exposure of 15 days, the EFs of elements
in the mosses were quite low, close to zero, except for Fe,
As and Pb in both species and Ni, Zn and Cr in S. girgen-
sohnii. The longer bag exposure resulted in higher element
EF values. The element enrichment was again higher for S.
girgensohnii than H. cupressiforme, with average EFs of up

to 60 (Zn) and 10 (Pb); and maximal EFs of up to 100 (Pb)
and 12 (Pb), respectively (Fig. 3).

The element EFs in the mosses calculated according to
the Earth’s crust values were always higher than those esti-
mated concerning the element composition of local topsoil.
Note that for all exposure periods of both mosses the val-
ues of EFg ., were prominent for As and Zn, while their
EF, 5011 Values were substantially lower, especially for As
(a factor of 7-8 lower). For As, the possible explanation
could be a peculiarity of the naturally increased As content
in Balkan soil (Dangi¢ and Dangi¢ 2007). Even some rare
(Tb, Y) and trace (Ga) elements were slightly enriched in
the mosses after exposure. Besides the resuspension of local
soil, the high airborne content of some trace (Mn, V, Cr)
and rare earth elements (REEs) can be desert dust-related
(Querol et al. 2019). Thus, we assume that besides the local
soil resuspension, the moss bag technique may give a sig-
nature of some long-range transported elements. Although
the element EF values were relatively low, after excluding
the influence of the initial element content and the impact
of the element content from the local topsoil, even this not
high enrichment of the elements in the mosses (EF,,;) is
meaningful and could be associated with local anthropo-
genic sources and/or remote aerosol sources (e.g., Saharan
dust intrusions).

Moss element enrichment vs. ground PM
measurements during Saharan dust episodes

In the conditions of presumably low seasonal air pollution
at the suburban background site, the influence of possible
accidental emissions from some local or remote sources may
result in the increase of element concentrations in the cor-
responding moss samples exposed in the series of twelve
consecutive 15-day periods. In this study, three Saharan dust
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episodes (SDE), each lasting for several days, were identi-
fied over the study area within the period of April-October,
2019: 23-27 April (SDE1), 26-30 May (SDE2), and 8-15
June (SDE3) (Table 1). The potential influence of dust epi-
sodes on the moss element content was tested. It is notewor-
thy that elements characteristic for Saharan dust (Si, Al, Ca,
K, Mg) are also major components of resuspended urban
dust (Amato et al., 2009; 2016), including road dust, dust
from construction works and local soil. Thus, analysis of PM
samples corresponding to days after each SDE is necessary
to make conclusions regarding the influence of Saharan dust
(dust in further text) on particulate pollution. Additionally,
the measurements of PM10 and PM2.5 mass concentrations
were taken during each dust episode and several days after
the episode. Here, we first discuss the results based on PM
samples collected during dust episodes and then present the
findings based on moss bag samples.

Outbreaks of Saharan dust affect particulate matter con-
centrations in Europe (Rodriguez et al. 2001; Alastuey
et al. 2016). Alastuey et al. (2016) showed that the aver-
age dust load in PM10 concentrations was 0.5-10 pg m™>
at most sites of the European Monitoring and Evaluation
Programme (EMEP) during the summer Saharan dust out-
breaks. It should be noted that dust is transported within
elevated layers and it does not necessarily contribute to PM
concentration during all days of dust episode, as in a case
study by Ajtai et al. (2020).

In our study, dust models suggest that dust load was
particularly large during the SDE1 (Figure S5). Still, con-
comitantly performed measurements of PM2.5 and PM10
fractions (Table 1) at the study site showed relatively low
mass concentrations, compared to the daily limit values of
25 ug m~> and 50 ug m~3, respectively, defined by the air
quality standards (EEA, 2019; Directive 2008/50/EC). The
average PM 10 concentrations during the three measurement
periods are lower than the average value of 37.52 pg m™>
reported for spring months of the 2003—-2015 period in urban
area of Belgrade (Stoji¢ et al., 2016). Significant particle
concentration in coarse (PM10—PM2.5) fraction is one of
the general characteristics of dust contribution (Rodriguez
et al. 2001; Alastuey et al. 2016; Dimitriou and Kassomenos
2018). The most prominent concentration of coarse fraction
in this study was observed during SDE1, with the maximum

of 22.5 pg m~> reached on April 25, contributing to 62% of
PM10 concentration. The least intense episode was SDE2,
as suggested by models and measurements (Figure S5), with
measured coarse particle concentration of up to 7.3 pg m™>
(44% of PM10 concentration).

Aluminum silicates represent one of the main mineral
components of desert dust (Querol et al. 2019), and Al is
often used as a tracer for dust. Elemental characterization of
PM10 samples collected at the studied site showed that Al
concentrations were increased by an order of magnitude dur-
ing the SDE1 and somewhat less during the SDE3 (Fig. 4).

Querol et al. (2019) reported that, besides crustal ele-
ments, some trace (including V, Cr) and rare earth elements
(including Tb) could show higher enrichment in PM samples
collected on desert dust days, compared to non-dust days.
Yttrium is not REE, but it is often associated with them,
while Ga is often associated with Al and Zn ores (Kabata-
Pendias 2010). Note that the analysis of PM is performed
here as a guideline for examining a signature of dust in moss
samples. Thus, we confine our interest to the elements that
are significantly accumulated in moss samples.

In this study, besides Al, the concentration of V, As, Ga,
Y, and Tb in the PM10 samples was markedly higher dur-
ing the dust days, in comparison with non-dust days. The
concentration of Al shows a strong correlation (r*=0.84)
with PM10 during non-dust days, with an average AI/PM10
mass ratio of 0.008 +0.002. Its content in PM10 increased
during dust days, with maximum Al/PM10 ratio values of
0.034, 0.012, and 0.026 during SDEI1, SDE2, and SDE3,
respectively. It should be noted that the largest Al content
in PM10 was observed during the SDE1, which was recog-
nized as the most intense of the three observed episodes. The
increased coarse fraction of particulate matter and increased
contribution of Al content in PM10 indicate that dust con-
tributed to PM10 during all three observed episodes, most
prominently during SDE1. The increase of the element/
PM10 concentration ratio during dust episodes was also
observed in the case of V and Y, indicating their relation
with dust. Both elements show lower correlation with PM10
concentration, compared to Al (r2 =0.58 and 1 =0.77 for V
and Y, respectively), during non-dust days. The correspond-
ing element fractions in PM10 were (6 +2)x 10~ for V and
(4+2)x 107 for Y. These fractions increased during dust

Table 1 Average mass concentrations (ug m~—) of PM2.5 and PM10 during three Saharan dust episodes and several days after the episodes, and

daily limit values prescribed by the air quality standards

Saharan dust episode PM10 PM2.5

Min Max Average SD Daily limit Min Max Average SD Daily limit
I1-Apr 22/04 —-01/05/2019 10 40 25 12 <50 7 28 16 7 <25
II-May 27/05 —03/06/2019 3 21 11 6 13 7 5
III—Jun 08/06 —22/06/2019 15 49 29 9 27 18 6
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Fig.4 The element concentrations (ug m™) in the PM10 samples
collected during the days of the three episodes of Saharan dust and
several days after at the studied site; open symbols correspond to

days to (11+3)x 107> and (8 +3)x 107 for V and Y, respec-
tively. This suggests that dust contributed to the increase of
concentrations of these elements.

Scheuvens et al. (2013) pointed out that concentration
ratios of Ca/Al and Mg/Al in desert dust show variability
across dust source regions. Furthermore, Querol et al. (2019)
suggested that Ca/Al in PM can be used for distinguishing
desert dust from urban dust contributions in urban environ-
ments, as these ratios are higher in the latter case. In this
study, the above-mentioned ratios are analyzed in the col-
lected PM10 samples during dust and non-dust days and the
results are presented in Table S3. The average Ca/Al ratio
during dust days was 3.4, with the maximum value of 5.8,
while during non-dust days concentration of Ca was mainly

non-dust days, while filled symbols are for dust days; asterisk (*)
refers to the missed filter

below the detection limit. The results agree with those
reported by Remoundaki et al. (2011) for PM10 samples
collected in Athens during dust episodes originating from
western Sahara and Algeria. The average EF,;, for Ca was
2.5 (for dust days), suggesting the influence of additional,
non-local sources.

The ratio of Mg/Al during dust days varied within the
range of 0.03—0.80, with an average of 0.32. For two PM10
samples most affected by dust (as suggested by models,
measured coarse fraction of PM, and Al fraction in PM10,
described above), collected during SDEI, the values were
0.37 and 0.38. These are similar to the ratio obtained for
local topsoil (0.39), as well as to the ratios reported for
western Africa (Moreno et al. 2006; Scheuvens et al. 2013),
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suggesting that Mg/Al ratio is not appropriate for distin-
guishing between influences of local soil resuspension and
Saharan dust on PM10. The values of Ca/Al and Mg/Al dur-
ing dust days are in line with those found by Djordjevic et al.
(2019) for a larger number of Saharan dust events in 2012
and 2013.

Among other considered elements (which were also sig-
nificantly accumulated in moss samples), As showed high
EF, 501 With average values of 13.6 and 24.1 for dust and
non-dust days, respectively. While concentrations of As in
PM10 showed some peak values during dust episodes, par-
ticularly during SDEI, the average EF,,; is smaller than
that for non-dust days. This can be explained by decrease of
As/Al ratio during dust days due to more significant increase
of Al concentration (note that Al was the referent element
in the calculation of EF,, ;). High EF,.; for As indicates
that PM10 samples were affected by anthropogenic sources
during both dust and non-dust days.

The average EF,; for V (5.1 during dust episodes and
6.2 during non-dust days) also indicates contribution from
additional, probably mainly anthropogenic sources. These
toxic elements, As and V, were likely petrol/diesel- and oil
combustion-related pollutants, respectively (Pulles et al.
2012; Pacyna and Pacyna 2001) deposited generally in urban
soils, whose particles have been transported by wind (Mach
et al. 2021).

Gallium and Y were strongly correlated with Al (> =0.82
and r>=0.97, respectively) during dust episodes. The mass
ratio of Ga/Al was (4 +3) x 10~ during the dust days, while
Ga concentrations during non-dust days were often below
the detection limit. Yttrium showed similar Y/Al ratios for
dust and non-dust days (ranging from 4.6 x 107 to 6.9 x 107,
and an average of 4.4 x 107*). These values were within the
range of (3.2—10.0) X 107* obtained for Saharan dust sam-
ples, based on data by Moreno et al. (2006). We did not have
information on Ga and Y concentration in local topsoil to
calculate EF, ;.

The described analysis, performed to identify elements
that should be considered in attempt to distinguish desert
dust influence on elements in moss samples, revealed that
the considered elements at the study site showed lower
EF psoil during dust days, in comparison with non-dust
days. In case of As, the EF,; values indicate predomi-
nant anthropogenic origin of this element. Thus, As/Al ratios
could be useful in making distinction between PM10 data-
sets dominantly influenced by anthropogenic pollution and
those largely affected by urban or desert dust. The consid-
ered element ratios did not show clear distinction between
dust and non-dust days.

When using moss bags for sampling Saharan dust, it
should be noted that Saharan dust episodes could not be
matched in advance with the series of minimal periods of
moss bag exposure. The identified dust episodes lasted for
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several days, while the minimal period of moss bag exposure
was 15 days. Thus, to better understand to what amount of
dust the moss bags were exposed during 15-day periods,
we averaged MERRA-2 predictions of dust concentrations
at ground level over these periods (Figure S5). MERRA-2
data showed significant surface dust concentration during
the SDEI, resulting in markedly higher average dust con-
centrations on April 15—30 (15.1d), compared to the other
periods. While these concentrations are overestimated (in
comparison with the measured PM10 concentrations), it
should be noted that other models used for the identifica-
tion of dust episodes (see Section 2.4) also predicted very
intense SDE1. MERRA-2 data also showed increased dust
concentrations in the first half of June (SDE3), but less than
during SDE1. Lower surface dust concentration was pre-
dicted for SDE2. As discussed above, the PM10 and PM2.5
concentrations, as well as Al content in PM10, also indicated
significantly higher dust load during SDE1, compared to
SDE2 and SDE3. It should also be noted that the lowest
MERRA-2 dust concentration values were predicted for the
period July 16-31 (15.7d).

Based on discussions in the previous sections, here we
consider only S. girgensohnii moss samples exposed at open
space. EFs and ratios of element concentration ratios in moss
samples discussed in this section are calculated based on net
element concentrations. The concentrations of Al, V, Ga, Y,
and Tb were significantly accumulated in the moss samples
during the 15.1d period, corresponding to the most intense
dust episode (SDE1) and it was particularly pronounced in S.
girgensohnii (Fig. 1). These were the only elements (besides
As) significantly accumulated in both studied mosses after
a minimal period of the bag exposure. Still note that only
extended moss bag exposure (>2 months) at open space
(O) provided the substantial enrichment of the elements
in the mosses, far above their initial values, and their con-
centrations measured in the control bags exposed under the
improvised roof (R). Average element EFs calculated for
prolonged moss bag exposure (1-6 m) were relatively low,
except for some PTEs As, Zn, Pb, V, Ni (up to 40) and trace
elements Ga, Y, and Tb (up to 5) (Table S3). For further
discussion, it should be noted that moss samples exposed
during 15-day periods that include dust episodes are 15.1d
(SDE1), 15.3d (SDE2), and 15.4d (SDE3).

Aluminum is the only element that was substantially
accumulated in both studied mosses in all exposure peri-
ods, even in all 15-day exposed samples and the control
bags exposed under the roof. Aluminum showed the larg-
est difference between samples exposed at open space and
the corresponding samples exposed under the roof. This
may imply the significant contribution of atmospheric
deposition of this element over its resuspension with local
soil dust. There is increased Al concentration in the S. gir-
gensohnii in the 15.1d period corresponding to SDEI1. The
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peak of Al content is also found in the 3-month exposed
moss bags, which could be due to the cumulative contribu-
tion of all three dust episodes.

Except for Al, several trace elements, V, Ga, Y, and
Tb, in S. girgensohnii showed a similar temporal trend of
accumulation in the exposed bags, with increased con-
centrations during 15.1d period (that overlapped with
SDEL), in comparison with the average for non-dust peri-
ods. Although present at a very trace level, these elements
were also increased in the PM10 samples collected during
the mentioned episode of Saharan dust (Fig. 4). However,
concentrations of these elements were not significantly
increased in moss samples during the other two periods
affected by less intense Saharan dust episodes (15.3d and
15.4d).

Furthermore, we focus on the analysis of ratios of element
content in collected samples (Table 2), and their comparison
with the previously discussed results in PM10, as well as
with values reported in the literature for dust sources.

Due to the low accumulation of Ca and Mg in 15-day
exposed samples, the ratios of Ca/Al and Mg/Al are con-
sidered only for longer exposure periods (1-6 months). We
consider S. girgensohnii samples exposed for three months,
which is the period successfully used in the previous bio-
monitoring studies in urban areas (e.g., Anici¢ et al. 2009b,
2009a), and covers all three dust episodes analyzed here.
Both Ca/Al and Mg/Al ratios in the mosses were somewhat
larger than maximal values obtained in PM10 during dust-
affected days. The value of the Mg/Al ratio obtained for
the S. girgensohnii sample was 1.09, which is larger than
the value in local topsoil and the values observed in PM10
(0.03-0.84), discussed earlier in this section. Values as large
as 0.9 have been reported for dust in Morocco (Scheuvens
et al. 2013). The ratio of Ca/Al after three months of expo-
sure was 6.6. This value is somewhat larger than values
obtained in PM10 in this study (0.9-5.8), described earlier
in this section. Such large values have been reported for dust
in Morocco (4.0-6.8) (Scheuvens et al. 2013), and PM10
in Athens (7.7) for dust transported from western Africa
(Remoundaki et al. 2011; Scheuvens et al. 2013).

Ratios of V/Al, Ga/Al, and Tb/Al calculated for moss
samples exposed in 15-day periods showed increased value
for the period 15.1d (corresponding to SDEI) in compar-
ison with the samples not affected by dust. Note that the
corresponding ratios in PM10 showed increase during dust
days. The ratio values in moss pertaining to 15.3d and 15.4d
(SDE2 and SDE3), and Y/Al values for the three dust peri-
ods were within the ranges obtained for non-dust periods.
The values of the ratios were larger for longer exposure time,
by a factor ranging from 2.8 in case of As/Al, to 6.1 for V/
Al These values are closer to those corresponding to PM10
samples.

Among elements of dominantly anthropogenic origin,
only As was accumulated above the LOQt in moss bag
samples exposed in 15-day periods. The As/Al ratio was
low for samples 15.1d and 15.4d (corresponding to SDE1
and SDE3, the most intense of the three dust episodes), in
comparison with the other samples. The exception is the
sample 15.9d, which is characterized by a lower accumula-
tion of As, indicating insignificant influence of fossil fuel
combustion. Relatively high concentration of Al in this
sample, in the absence of Saharan dust indicates contribu-
tion of resuspended urban dust. This suggests that the As/
Al ratio can potentially be used to distinguish between moss
bag samples dominantly affected by dust (long-range trans-
ported or local) from those dominantly affected by fossil fuel
combustion. However, this possibility should be explored in
future experiments.

Besides the effect of ambient element concentrations,
the enrichment of elements in the moss bags represents the
balance between the particle capture by rough moss tis-
sue and its removal by intense wind blow or precipitation
wash-off. This is a possible reason for differences between
ratios of element concentrations in PM10 and moss samples.
Furthermore, some research (Tretiach et al. 2011) showed
that mosses more efficiently entrap smaller particle classes,
with efficiencies of 78.8 and 19.4% for <2.5 and 2.5-10 pum,
respectively, and only 0.2% for particles greater than 25 pm
in diameter. Since desert dust predominantly contributes
to coarse particle fractions, the mentioned findings could

Table 2 Ratio of concentrations

¢ anal X i Date Ca/Al  Mg/Al V/Al As/Al Ga/Al Y/Al Tb/Al

of ana yzed e ?ments and Al in x107)  (x10%  x10%  (x10%  (x107)

S. girgensohnii moss samples

exposed during 15-day periods, 15-day exposure

and 1-6 months; non-dust non-dust 08+03 20+08 12+05 15+05 03+02

samples are those exposed

periods 15.3d (SDE2) 1.0 1.5 1.5 1.3 0.4
15.4d (SDE3) 0.6 0.5 1.2 1.0 0.2
1-6-month exposure
average 6.8+0.7 12404 51+04 49+12 62+07 6.6+05 19+0.2
3-month expos 6.6 1.1 4.8 5.3 5.9 6.4 1.8
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explain the absence of an unambiguous influence of the
transported desert dust in the element content of the mosses.
Still, the simplicity of the moss bag exposure that does not
require electricity and technical maintenance should be con-
sidered as its comparative advantage over instrumental tech-
niques for remote sites far from infrastructure, e.g., moun-
tains. These sites are particularly suitable for monitoring
desert dust transport due to the absence of pollution ‘noise’
caused by the local anthropogenic influence which is inevi-
table at the (sub)urban background sites. Further research
could be directed to the investigation of moss bag poten-
tial for biomonitoring of elements characteristic for dust at
rural/remote background sites, based on prolonged moss bag
exposure of three months (in addition to 15-day exposure),
as suggested by this study.

Conclusion

Mass concentrations of PM2.5 and PM10 recorded in the
study site during the spring/summer season in 2019 were
lower than the daily PM threshold values. In the conditions
of such low particulate pollution, the moss bag technique
showed a limitation in the element enrichment for the short-
est period of bag exposure of 15 days. The majority of the
examined elements, except Al, V, As, Ga, Y, and Tb, were
not accumulated above the LOQt, which is considered as
criteria for a valuable content of PTEs in a moss tissue.
However, prolonged bag exposure of a couple of months
led to stable element accumulation in the moss transplants.
The moss bags exposed at open space were significantly
more enriched with the elements than the moss bags that
were exposed under the improvised roof. This suggests the
predominant influence of bulk (dry and wet) atmospheric
deposition to element accumulation in mosses over possible
element wash-off effect during intense precipitations and
element resuspension with local soil dust. Homogeneity of
the pristine moss S. girgensohnii material recommends this
species for active biomonitoring of the airborne elements,
providing better replicability of the results, unlike H. cupres-
siforme. This is particularly important in case of short-term
moss bag exposure (15 days), while prolonged exposure ena-
bles more significant element enrichment. Good correlation
between the majority of the elements (V, As, Ba, Ca, Ga,
Zn, Cd, Co, Mg, Tb, and Y) recommends the use of both
moss species for the biomonitoring purpose, particularly for
V and As.

The studied season was characterized by three Saharan
dust episodes, each lasting for several days. MERRA-2
data showed particularly significant dust concentration
at surface during the first episode that occurred in April
(SDE1), as well as during the first 15-day moss exposure
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period. The PM measurements confirmed the increase of
mass concentrations during dust days with the dominance
of coarse particle fraction (PM10-PM2.5). The elemen-
tal characterization of the PM10 samples collected con-
comitantly with the dust episodes showed the substantial
enrichment of Al, As, V, Ga, Y, and Tb, while element/
PM10 concentration ratio indicated that the increase of
Al, V and Y concentrations is partly related to dust. The
same elements were significantly accumulated in the moss
samples during the 15.1d period (corresponding to SDE1),
especially in S. girgensohnii. The ratio of crustal elements
(Ca/Al and Mg/Al) in moss samples (3-month exposed
bags that covered all three SDEs) was somewhat larger
than in PM10 samples taken during dust days; however,
both were in line of those reported for dust from western
Africa. The increase of V/Al, Ga/Al, and Tb/Al concen-
tration ratio values was observed in PM10 for dust days
and in S. girgensohnii moss samples for the period 15.1d,
in comparison with the samples not affected by dust, con-
trary to the values of As/Al ratio that were smaller during
SDEI1. Additional analysis is needed to investigate the pos-
sibility of using these ratios to distinguish between moss
bag samples dominantly affected by natural sources (desert
dust) from those dominantly affected by anthropogenic
pollution. Further research on the moss bag potential for
biomonitoring of elements characteristic for desert dust
at rural background sites should be based on extended
period of moss bag exposure (3 months) in addition to
15-day exposure, in a long-term study covering multiple
seasons characterized by dust intrusions. The extended
period of exposure is necessary for the accumulation of
a larger number of crustal elements in moss bag samples,
which will allow a more detailed study of dust in moss
bag samples. This pilot study points out the advantages of
a multidisciplinary and multi-technique approach (model
results, instrumental, and biomonitoring measurements)
to the perception of air pollution issues.
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ARTICLE INFO ABSTRACT

Keywords: Measurements of atmospheric parameters were carried out during the partial solar eclipse (51% coverage of solar

Solar eclipse disc) observed in Belgrade on 20 March 2015. The measured parameters included height of the planetary

Lidar boundary layer (PBL), meteorological parameters, solar radiation, surface ozone and air ions, as well as Very Low

Planetary boundary layer Frequency (VLF, 3-30 kHz) and Low Frequency (LF, 30-300 kHz) signals to detect low-ionospheric plasma

Ground based observations perturbations. The observed decrease of global solar and UV-B radiation was 48%, similar to the solar disc
coverage. Meteorological parameters showed similar behavior at two measurement sites, with different elevations
and different measurement heights. Air temperature change due to solar eclipse was more pronounced at the
lower measurement height, showing a decrease of 2.6 °C, with 15-min time delay relative to the eclipse
maximum. However, at the other site temperature did not decrease; its morning increase ceased with the start of
the eclipse, and continued after the eclipse maximum. Relative humidity at both sites remained almost constant
until the eclipse maximum and then decreased as the temperature increased. The wind speed decreased and
reached minimum 35 min after the last contact. The eclipse-induced decrease of PBL height was about 200 m,
with minimum reached 20 min after the eclipse maximum. Although dependent on UV radiation, surface ozone
concentration did not show the expected decrease, possibly due to less significant influence of photochemical
reactions at the measurement site and decline of PBL height. Air-ion concentration decreased during the solar
eclipse, with minimum almost coinciding with the eclipse maximum. Additionally, the referential Line-of-Sight
(LOS) radio link was set in the area of Belgrade, using the carrier frequency of 3 GHz. Perturbation of the
receiving signal level (RSL) was observed on March 20, probably induced by the solar eclipse. Eclipse-related
perturbations in ionospheric D-region were detected based on the VLF/LF signal variations, as a consequence
of Lya radiation decrease.

changes in solar radiation. The layer of the atmosphere in direct inter-
action with the surface, thus directly influenced by the Earth's surface
forcing, is called the planetary boundary layer (PBL). Since surface is also

1. Introduction

Abrupt change in the incoming solar radiation flux during solar

eclipse induces disturbances in different atmospheric layers (Ger-
asopoulos et al., 2008; Aplin et al., 2016). These disturbances are not
necessarily similar to those during sunset/sunrise, because of different
time scales and initial conditions. They depend on a number of factors,
including the percentage of sun obscuration, latitude, season, time of the
day, synoptic conditions, terrain complexity and surface properties. Since
solar energy impacts the atmosphere primarily by convection of heat
from the ground, lower atmospheric layers are more influenced by
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a source of humidity and pollutants, turbulence within the PBL is
responsible for mixing and dispersion of pollutants, while air pollution
concentrations in the PBL are generally higher than those in the free
troposphere (Stull, 1988).

A number of studies have focused on the effect of solar eclipse on
various atmospheric properties, mainly in PBL. Changes in meteorolog-
ical parameters near the ground level were most extensively investigated,
for several eclipse events (Anderson, 1999; Ahrens et al., 2001; Kolarz
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et al., 2005; Founda et al., 2007; Nymphas et al., 2009). The studies re-
ported decrease in temperature and wind speed, changes in wind direc-
tion and increase in relative humidity, as a result of solar eclipse. The
magnitude of these changes varied in different studies. Decrease in height
of the PBL during solar eclipse was also observed (Kolev et al., 2005;
Amiridis et al., 2007). The PBL quickly responds to surface forcing and its
height can range from as low as a few hundred meters to a few kilome-
ters. Diurnal cycle of the PBL height starts with the sunrise by heating of
the surface and development of a convective boundary layer (CBL),
reaching a steady state in the afternoon. The CBL remains as a residual
layer until the development of a new mixing layer on the following day. A
region of statically stable layer — the entrainment zone forms at the top of
the PBL. It closely follows the PBL development, being shallow in the
morning and thickening during the day due to intense turbulence and
vigorous convection (Stull, 1988). During a solar eclipse, the change in
the incoming radiation is more abrupt and affects the evolution of the
PBL (Amiridis et al., 2007; Kolev et al., 2005), thus providing opportunity
for investigating mechanisms involved in PBL evolution.

Some studies investigated eclipse-related changes in ozone concen-
tration (Zerefos et al., 2001; Kolev et al., 2005; Zanis et al., 2001, 2007),
due to its strong dependence upon the magnitude of UV flux (Bian et al.,
2007). Tropospheric ozone (Og)is the result of chemical reactions, mostly
between nitrogen oxides (NOx), carbon monoxide (CO) and volatile
organic compounds (VOCs), helped with UV radiation via process of
photo-dissociation of Os. Surface ozone concentrations were reported in
literature to decrease during solar eclipse, with exception of unpolluted
sites (Zanis et al., 2001, 2007).

Reported observations suggest increase in air ion (Kolarz et al.,
2005; Aplin and Harrison, 2003 and references therein) and air radon
concentrations (Gaso et al., 1994 and references therein) during solar
eclipse, mainly attributed to PBL height decrease. Air ions are natural
constituents of the atmosphere produced mostly by cosmic rays (20% of
overall ionization) and natural radioactivity from soil (gamma decay of
4Ogyand the air (***Rn). The first two ionization sources mentioned
above are nearly constant in time, and consequently changes of air ion
generation areprimarily related to changes in Rn concentration. The
background concentration of cluster air ions in lower troposphere vary
from a few hundred to a few thousand ions cm™!, with an average
near-ground ionization rate of 10 ion pairs em 37! Air ions are
neutralized mostly by ion-to-ion recombination and ion-aerosol attach-
ment (Dolezalek, 1974). Their concentration changes diurnally: during
the night, when the boundary layer conditions are stable concentrations
are high, with maximum at dawn. During the day, with the develop-
ment of convective boundary layer, air ion concentration decreases with
minimum in the afternoon (Blaauboer and Smetsers, 1996). Radon and
aerosol-carried Rn progenies are powerful air ionizers (energy of o
particle decay is more than 5 MeV, while average ionization energy of
air is 34 eV/ion pair) and thus the main source of cluster air ion pair
production in the troposphere. Radon exhalation from the ground is
determined by concentration of uranium, diffusion coefficients and
porosity of soil layers on the way to surface (Ishimori et al., 2013).
Average Rn concentration over the continents is 10 Bq m3
(UNSCEAR, 1993).

The solar eclipse also influences ionosphere. In the upper part of this
area variations in plasma frequencies are detected (Verhulst et al., 2016).
Also, there are detected plasma variations in the lower ionosphere (see
e.g. Guha et al., 2010; Maurya et al., 2014). One of the ways to register
the variations of solar radiation impact within upper atmosphere is based
on technology of radio waves which are reflected in ionosphere during
propagation between emitters and receivers. Namely, the signal reflec-
tion height in the ionosphere and, consequently, parameters describing
signal characteristics (propagation geometry, altitude distributions of
refractive index and attenuation) depend on local plasma properties
(primarily on electron density) (Bajcetic et al., 2015). Electron density
declines during solar eclipse, similarly to sunset, resulting in increase of
the reflection height of radio signals reflected on relevant atmospheric
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layer (Guha et al., 2010), as well as the occurrence of hydrodynamic
waves (Nina and Cadez, 2013; Maurya et al., 2014). Because of that, the
registered wave variations reflect the non-stationary physical and
chemical conditions in the medium, along the considered wave trajec-
tories, in real time. In addition to plasma parameters related to low
ionosphere, several parameters describing signal propagation, like dis-
tance between transmitter and receiver, influence temporal changes in
recorded signal characteristics. Because of that, the electron density
decrease (or increase) can result in either increase and decrease of
recorded amplitude (Grubor et al., 2008). Thus, only variation from the
expected values is important for detection of influences of an event on
low ionosphere.

The aim of this paper is to study atmospheric disturbances detected in
Belgrade, induced by partial solar eclipse (51% coverage of solar disc) on
March 20, 2015. Focusing on troposphere (mainly PBL) and ionosphere
(D-region). For that purpose, four experimental setups were used to
collect data, including lidar (Light Detection and Ranging) for measure-
ment of PBL height and heights of elevated layers, AWESOME (Atmo-
spheric Weather Electromagnetic System for Observation Modelling and
Education) VLF/LF receiver (Cohen et al., 2010) and instruments for
measurements solar radiation, meteorological parameters, concentra-
tions of ozone, air ions and radon, and propagation of radio signals in
troposphere.

The paper is organized as follows. In Section 2 we describe mea-
surements and methods used in the study, and give overview of back-
ground conditions. The results are described in Section 3, and a
conclusion of this study is given in Section 4.

2. Measurements and methods
2.1. UVradiation, ozone and air-ion measurements

UV-B erythemal radiation was measured using 501 biometer made
by Solar light company, USA. Instrument was set on the roof of the
Institute of Physics Belgrade (IPB), so that no obstacles entered the field
of view. During the eclipse, data acquisition was set to 10 min. Global
Sun radiation was measured by Republic Hydro-meteorological Service
in Belgrade using Kipp&Zonen CMP6 pyranometer (http://www.
kippzonen.com/Product/12/CMP6-Pyranometer), with 1-min data
acquisition. Surface ozone measurements were conducted using Aer-
oqual monitor, series 500 (http://aeroqual.com/product/series-500-
portable-air-pollution-monitor), made in New Zealand. The instrument
was placed near UV 501 biometer and acquisition was set to 6 min. Air
ions, temperature, pressure and relative humidity were measured using
a Cylindrical Detector and Ion Spectrometer CDIS (Kolarz et al., 2011),
made at IPB. The CDIS was placed 1 m above grassy surface (where the
soil allows the radon exhalation), at IPB (44.86° N, 20.39° E, 89 m
a.s.l.). Only positive air ion concentrations were measured since they
have lower mobility than negative ions and consequently lower
ion-to-aerosol attachment coefficient. Thus, they are less sensitive to air
pollution and provide better picture of atmosphere processes. Radon
was measured using continual radon measuring instrument RAD7,
Durridge company, USA. Quality of continual Rn measurements is
related to level of radon concentration and measuring period, i.e.
counting events. The instrument was placed next to CDIS at the
same level.

2.2. Measurements of meteorological parameters

The meteorological measurements were obtained at two semi-urban
sites in Belgrade. One measurement site was located at IPB. At the site,
temperature, relative humidity and atmospheric pressure at altitude 1 m
above ground were measured. The meteorological measurements were
also available from an automatic weather station collocated with a
SYNOP station at Kosutnjak, Belgrade (WMO no. 13275, 203 m a.s.l.),
about 10 km away from the IPB site.
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2.3. Detection of PBL height

A variety of methods can be used to quantify the PBL height,
depending on available measurements (Emeis et al., 2008). Differences
between PBL and free troposphere can be observed using vertical profiles
of thermodynamic quantities and wind from radiosounding measure-
ments. Lidar observations, using atmospheric aerosol as a tracer, can be
used to determine heights of both PBL and elevated aerosol layers if
present in the atmosphere.

In this study radiosounding and lidar measurements were used to
determine PBL height. While radiosoudings are regularly available at
00UTC and 12UTC at the WMO station, providing meteorological data on
mandatory and significant pressure levels, the advantage of lidar mea-
surements is that they can be performed continuously with high vertical
andtemporal resolutions. Data derived from lidarmeasurements can be
used for detection and characterization of aerosols and PBL evolution,
and allow for the detection of abrupt and smaller scale changes in the
layer structure.

The lidar system at IPB, is a bi-axial system with combined elastic
and Raman detection designed to perform continuous measurements
of suspended aerosol particles in the PBL and the lower free -
troposphere. It is based on the third harmonic frequency of a compact,
pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy
at 355 nm with a 20 Hz repetition rate. The optical receiver is a
Cassegrain reflecting telescope with a primary mirror of 250 mm
diameter and a focal length of 1,250 mm. Photomultiplier
tubes are used to detect elastic backscatter lidar signal at 355 nm and
Raman signal at 387 nm. The detectors are operated both in the analog
and photon-counting mode and the spatial raw resolution of the
detected signals is 7.5 m. Averaging time of the lidar profiles during
the March 2015 solar eclipse case was 1 min corresponding to 1,200
laser shots.

Lidar measurements can be used to estimate PBL height using
different approaches (Sicard et al., 2006; Baars et al., 2008). In this
study, the gradient method was used to determine the position of the
strongest gradient of the aerosol vertical distribution, associated with
the PBL height (Flamant et al., 1997). The height of a strong negative
peak which can be identified as the absolute minimum of the range
corrected signal's (RCS) derivative, determines the PBL top height. A
strong negative gradient in lidar RCS is a result of decrease in aerosol
backscatter due to decrease in aerosol concentration and humidity
(Matthias et al., 2004). Our estimate of PBL height is based on lidar
measurements at 355 nm. However, when available, measurements at
larger wavelengths (i.e. 532 nm and 1,064 nm) are more appropriate
for analysis of PBL height due to smaller relative contribution of mo-
lecular backscatter compared to 355 nm. Other local minima in the
signal derivative, with absolute values above a specified threshold and
with transition intervals including a minimum of five points, are asso-
ciated with elevated aerosol layer top heights in the free troposphere
(Flamant et al., 1997).

The Richardson number is used for PBL height estimation from
radiosounding measurements. Radiosoundings are performed two
times each day, at 00 and 12 UTC, at a weather station (Belgrade
Kosutnjak, WMO number 13275), 10 km away from the lidar mea-
surement site at 203 m altitude. The Richardson number is defined as
(Stull, 1988):

R, — 8~ @llf() — 0(z)]
T ) [k + ()]

€9)

where g is acceleration due to gravity, 2y is the altitude of the weather
station, 0(z) is the potential temperature and u(z) and v(z) are zonal and
meridional components of the wind. The layers in which Ry, is above a
critical value of 0.21 (Vogelezang and Holtslag, 1996; Menut et al., 1999)
are considered to be above the PBL.

Since the data are available at discrete heights, at standard and
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significant pressure levels, the bulk Richardson number is used (Stull,
1988). Successful estimation of the PBL height from radiosounding
measurements from stations in the WMO network, has been previously
reported (Jericevi¢ and Grisogono, 2006; Amiridis et al., 2007). Average
uncertainty of the PBL height was estimated for March for a 10-year
period from 2006 to 2015, from radiosounding profiles retrieved at 12
UTC. Typical resolutions varied from 100 m to 1,000 m, and the uncer-
tainty of PBL height H was estimatedusing the following formula:

Az
H= He.rtimated i? (2)
where Az is the measurement resolution (Jericevic and Grisogono,
2006). It was calculated to be 180 m corresponding to the average ver-
tical resolution of 350 m. On the eclipse day, the resolution and the
uncertainty were estimated to be 150 m and 80 m, respectively.

2.4. Terrestrial line-of-sight radio communication measurement setup

The referential Line-of-Sight (LOS) radio link was set in the area of
Belgrade, using the carrier frequency of 3 GHz, with the purpose of
investigating solar eclipse contribution to receiving signal level (RSL)
instability.

The transmitter was emitting non-modulated carrier, having the radio
frequency (RF) output power level of 0 dBm. LOS link was established at
the distance of 70 m. The signal was transmitted using the signal
generator with the frequency stability of TCXO < +0.5 ppm and signal
level stability < +0.7 dB which was housed at constant temperature.
Antenna emitted horizontally polarized electromagnetic (EM) wave. The
receiving system (Rx) was formed with Tektronix SA2600 spectrum
analyser that was programmed to perform 1 kHz width spectral recording
into 500 points. In this way, the generated signal spectrum at the
receiving side could be reconstructed with an accuracy of 2 Hz, which
made it possible to monitor temporal changes in the level of the received
signal peak.

The measuring samples of the received signal level were recorded
every 45 s equidistantly during continuous operation of the LOS link. On
20 March 2015, we made 480 recordings through 6 h, includingthe solar
eclipse period.

2.5. Ionospheric observations

Global experimental setup for the low ionospheric observation is
based on continuously emitting and receiving the VLF/LF signals by
numerous worldwide-distributed VLF/LF transmitters and receivers,
respectively. In this study, we based our analysis on D-region moni-
toring using the 37.5 kHz LF signal emitted by the NRK transmitter
located in Grindavik (Iceland) and received at IPB by the AWE-
SOMEVLE/LF receiver. This transmitter was chosen because the path
of this signal passes through an area that was affected by a
total eclipse.

2.6. Background conditions

The eclipse on March 20, 2015 started at 8:40 UTC, ended at 10:58
UTC, reaching maximum coverage of 51% at 9:48 UTC. In the days prior
to the eclipse, the synoptic conditions were influenced by a cyclone
moving to the east, over Balkans, followed by an increase in geo-
potential. Wind field was characterized by northwesterly flow shifting
to northerly. On the day of the eclipse surface conditions were influ-
enced by weak-gradient anticyclonic field. On the previous day, over-
cast skies with light rain in the evening were reported. From the
morning of the March 20 and during the day, the sky was clear. The
calm meteorological conditions provided good opportunity to observe
possible eclipse-related changes in meteorological parameters
near surface.
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3. Results
3.1. Global and UV radiation

Primary effect of solar eclipse is reduction of solar radiation reaching
the surface. In Fig. 1 diurnal variation of global sun radiation and UV-B
erythemalradiation are shown for the day of the solar eclipse, and for
three clear days after the eclipse. Solar eclipse on March 20 occurred
during morning increase of both global and UV-B radiation due to sun
elevation. Their attenuation was 48%, slightly smaller than the obscu-
ration of the solar disc (51%). This difference could be due to diffuse
solar irradianceknowing that UV-B radiation is the shortest wavelength
reaching the surface and thus most prone to scattering. While the direct
solar irradiance is reduced proportionally to the obscuration of solar disc
during the eclipse, the diffuse irradiance is less affected due to contri-
bution of multiple scattering from less shadowed part of the sky (Zerefos
etal., 2001). They reported that the difference in reduction of diffuse and
direct irradiance was more pronounced at shorter wavelengths.

3.2. Meteorological parameters

Meteorological measurements were analyzed to investigate the
response of the air temperature, relative humidity and pressure at near-
surface level to the eclipse. As mentioned in the previous section, the
meteorological measurements were conducted at two locations: at IPB
lidar measurement site and at Kosutnjakstation, aboutl0 km away.
Diurnal cycle of the temperature was interrupted by the eclipse at both
measurement sites (Fig. 2). Change in temperature increase rate was
observed at both sites, with similar delay after the first contact. Higher
temperatures were measured, and temperature decrease was more pro-
nounced at IPB station, probably due to lower altitude and as a result of
lower measurement height above ground. At this station, the tempera-
ture decreased during the eclipse, by 2.6 °C, at the rate of 0.043 °Cmin*,
reaching minimum about 15 min after the maximum of the eclipse. At
Kosutnjakstation the temperature was almost constant after the first
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contact until the maximum of the eclipse, with an increase rate of
0.003 °wCmin L. After the eclipse maximum, it started increasing with
increased downward radiation, at a higher rate 0f0.03 °C/min.To further
investigate the effect of the eclipse on temperature, measurements
available from Kosutnjakstation on days following the eclipse were used.
The rate of temperature change during the eclipse was compared to the
rates recorded during the same period of day on three cloud-free days
after the eclipse — March 21, 23 and 24. Increasing trend of maximum
daily temperature was measured in this period. On the eclipse day, the
increase rate from the first contact to the eclipse maximum
(0.003 °Cmin’1)was very low in comparison to the rates of 0.016 °C
min~!, 0.025 °Cmin~! and 0.032 °Cmin~"! for the same period on March
21, 23 and 24, respectively. After the eclipse maximum until the end of
the eclipse, temperature increase rate of 0.025 °Cmin‘was comparable
to the corresponding rates on the three following days. Total increase in
temperature during the eclipse was 2.0 °C, while the corresponding
measured increase on March 21, 23 and 24, was 2.3 °C, 3.3°Cand 4.0 °C,
respectively.

Relative humidity showed decreasing trend, typical for the beginning
of the day and morning increase of temperature. During the eclipse,
humidity was almost constant until the maximal obscuration of solar
disc, and then it decreased by 10% at both locations (IPB and Kosutnjak),
in consistence with temperature increase. Until the maximal obscuara-
tion, at IPB, the temperature was decreasing while the relative humidity
was almost constant. It remains unclear whether its behaviour is an effect
of eclipse.

The wind speed measured at the Kosutnjak station followed atypical
diurnal cycle, until the maximum of the eclipse, when both wind speed
and gustiness dropped, and started increasing after the event (Fig. 3).
Wind speed decreased from a maximum of 2.7 ms™! to about 1.1 ms™!at
the end of the eclipse. The absolute minimum of wind speed and gusts
was reached about 35 min after the last contact. Wind direction changed
from northerly to northeasterly for the duration of the eclipse.

Pressure drop during the eclipse at Kosutnjak station was 0.9 hPa (not
shown here), which is most probably the consequence of the temperature
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Fig. 1. Global Sun radiation (solid lines) and UV-B erythemal radiation (dashed lines) during partial Solar eclipse (March 20, 2015) and three clear days after the eclipse. Dotted vertical

lines indicate beginning, maximum and end of the eclipse.
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drop (Fig. 2). The pressure minimum was reached about 30 min after the
eclipse maximum. Additional data, from radiosounding, provided infor-
mation on vertical profiles of meteorological variables 1 h after the event.
Up to the top of the PBL, the northerly wind speeds were relatively low,
from 2 to 3.5 ms™\. Air in the PBL was not very humid, with relative
humidity of 35-60%.

These observed changes are generally in agreement with those re-
ported in previous studies, related to eclipse events with larger obscu-
ration of solar disc. The exception is relative humidity, which was almost
constant until the eclipse maximum in this work, while it was reported to
increase in previous studies. Anderson (1999) compiled data on
near-surface temperature during selected total eclipse events, given in
literature. These data showed temperature decrease of 2.0-3.6 °C, with
minimal value coinciding with mid-eclipse (in one case), or reached with
the time lag of 7-17 min. Foundaet al. (2007) presented observations at
several sites in Greece, with different degrees of sun obscuration
(74-100%) during solar eclipse in March 2007. Their results showed that
temperature (measured at altitudes varying from 1.5 m to 17 m at
different sites) decreased by 1.6-2.7 °C (3.9 °C at a site affected by low
clouds), reaching minimal value 12-14 min after the mid-eclipse.
Following the temperature response, the relative humidity was re-
ported to increase by about 20% (Founda et al., 2007; Kolev et al., 2005).
A decline in wind speed, after mid-eclipse, as a result of cooling the
boundary layer and reduction of turbulent transport (Girard-Ardhuin
et al.,, 2003) was also reported in literature (Anderson, 1999; Founda
et al., 2007).

3.3. PBL evolution assessment from meteorological and lidar
measurements

The presence of the residual layer, evolution of the PBL and aerosol
layers in the free troposphere during the solar eclipse were observed
using lidar measurements in Belgrade. For that purpose, the vertical
profiles of the range-corrected analog signal at 355 nm, obtained from
10:15 UTC until 15:25 UTC with temporal resolution of 1 min, were
analyzed, using the gradient method. The time series of range corrected
signal (RCS) vertical profiles, along with heights of PBL and elevated
aerosol layers are presented in Fig. 4.

The eclipse occurred before local noon, during the development of the
mixing layer. In the morning, with surface heating, PBL started
increasing from 600 m height to about 800 m above ground during the
time period of about 2 h until the start of the eclipse at 8:40 UTC. The
increase of the PBL height before the eclipse was steady and gradual.
During this period, a layer was identified at height of about 1 km. This
layer can be identified as the residual layer. With the beginning of the
eclipse, the amount of solar radiation reaching the surface started
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Fig. 2. Temperature and relative humidity. Vertical lines indicate beginning, maximum
and end of the eclipse.
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decreasing (Fig. 1). This affected the change in surface temperature
(Fig. 2), and therefore convective motion, with the effects diminishing
with height. The PBL height decreased by about 200 m during the solar
eclipse, reaching minimum 20 min after the maximum of the eclipse. This
decrease in PBL height is similar to those reported in previous research
(Amiridis et al., 2007; Kolev et al., 2005), for solar eclipse with larger
solar disc obscuration. With passing of the eclipse, the PBL started
gaining height until reaching the height of about 1700 m around 13 UTC.
Stronger variations of PBL height observed after the eclipse can be
attributed to stronger convective motions. In first minutes after the
eclipse, shallow cumulus clouds formed with their base at the top of the
PBL. A peak in PBL height, coinciding with peaks in temperature and
wind speed measurements was observed during the later phase of the
event. Depth of the entrainment zone followed the development of the
PBL. It showed gradual increase before the eclipse, from low values of
about 30 m, to variations in height of several tens of meters after the
eclipse as a result of strong convective motions.

The PBL height value calculated as an hourly average around 12 UTC
(soon after the end of the eclipse), was 1 500 + 100 m, in agreement with
the one estimated from radiosounding:1 600 + 80 m.Small differences of
results obtained from radiosounding and lidar measurements can be due
to local effects at two measurement sites and differences in the methods
used. The gradient method uses gradient in lidar RCS due to decrease in
aerosol backscatter while the bulk Richardson number approach relies on
thermodynamic properties. Different surface properties and elevations of
measurement sites influence the heat and momentum fluxes contributing
to the PBL development. Lidar is operated on a fixed location during the
whole measurement period, providing information on vertical column of
air directly above the instrument. Radiosounding profiles are affected by
the horizontal drift of the instrument caused by wind and depend on
whether the ascent is made in a thermal or between thermals (Stull,
1988). To further estimate impact of eclipse on PBL height we compared
these values with the PBL heights calculated for March for a 10-year
period from 2006 to 2015 from the radiosounding profiles taken at 12
UTC (excluding the profile on the day of the eclipse). The values esti-
mated both from lidar (around 12 UTC) and radiosounding measure-
ments made on the day of the eclipse fall within the inter-quartile range
of the values for the 10-year reference period (Fig. 4).

The lidar measurements during solar eclipse also showed presence of
aerosol layers in free troposphere, at altitudes up to 4 km.

3.4. Ozone and air-ion concentrations

Surface ozone measurements showed no significant decrease, as
opposed to most other measured parameters, possibly indicating less
significant influence of photochemical reactions at the IPB semi-urban
measurement site (see Fig. 5). While a decrease of surface ozone con-
centration during solar eclipse is expected, this effect could be missing in
less polluted areas, or it could be masked by air transport or decline of
PBL height (Zanis et al., 2001, 2007). For an urban station in Thessalo-
niki, Zanis et al. (2001) reported that surface ozone concentration
decreased by 10-15 ppbv during the solar eclipse in August 1999
(maximum sun obscuration 90%), with a half-hour delay in starting time
of the decrease after the first contact. However, they did not observe any
effect on surface ozone in an elevated rural station at Hohenpeissenberg
(99.4% sun coverage). Measurements during the solar eclipse in March
2006, conducted in Greece, showed decrease of 5-10 ppb surface ozone
in an urban site in Thessaloniki (about 70% sun obscuration), while no
effect was observed in relatively unpolluted sites in Finokalia and Kas-
telorizo, with 82% and 86% solar obscuration, respectively (Zanis et al.,
2007). In our study, the measurements were taken at semi-urban site,
during solar eclipse event with 51% sun obscuration. It is also note-
worthy that measurements conducted for few other days, after the solar
eclipse, in the present study showed high time lag of ozone concentration
peaks compared to UV radiation peak. This was also reported in Tie et al.
(2007) and Bian et al. (2007).
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Fig. 3. Wind speed, gusts and direction. Vertical lines indicate beginning, maximum and end of the eclipse.

Radon concentrations measured during the eclipse (not shown here)
were in the range between 0 and 15 Bq m ™~ which is typical background
for this part of the day. As shown in Fig. 6, air ion concentration
decreased during the course of the day. The decrease was more intensive
during the eclipse. After the eclipse, air ion concentration returned to its
usual diurnal path to afternoon minimum. This could be explained by
decrease of diffusion processes that are responsible for radon exhalation
from the soil, as a result of cease of heating the surface during the eclipse.
Differences were noted in air ion change during the eclipse in 1999
(97.7% sun obscuration), described in Kolarz et al. (2005) and that
described in this study (51% sun obscuration).

3.5. Line-of-Sight radio communication receiving signal change

The observed RSL change during the time of solar eclipse was
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compared with the RSL change in few following days. The usual change
of RSL in morning hours presented in Bajceti¢ et al. (2013) was
confirmed during regular days, while, the pattern of signal level variation
was quite different during the solar eclipse (Fig. 7, left panel).

Additionally, the observed meteorological variables were used to
calculate the value of the air refractivity parameter (R) using (3), with the
aim of the correlation between variation of that parameter and micro-
wave RSL change (Fig. 7, right panel).

Py,
T

R is the value which describes the overall influence of the tropo-
spheric medium on the radio wave propagation and depends on relative
air pressure P, absolute temperature T and partially on water vapour
pressure Py, (Debye, 1957; Falodun and Ajewole, 2006).
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Fig. 4. Temporal evolution of PBL (blue line) and elevated aerosol layers (red dots). Colormaps represent the lidar RCS at 355 nm on March 20, 2015. White vertical lines indicate
beginning, maximum and end of the eclipse. Box plot shows the median, first and third quartiles and 5th and 95th percentiles of PBL heights in March for period 2006-2015. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Ozone and UV-B erythemal radiation during partial solar eclipse. Dotted vertical
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We normalized the measured values R,; (i = 1,..., 480) of the air
refractivity parameterto its mean value during the related day (R,), using
Eq.2measured values Ry; of the air refractivity parameter, in order to
emphasize the level of variation.

in - Rx

RSL = 100-—=——= @
IR.|

Following the presented data in Fig. 8, it can be seen that there was
meaningful correlation between RSL and R during the days after the solar
eclipse, while their values change fairly independently on the day of the
solar eclipse.

Analysing data presented in Fig. 8, it can be seen that before the
period of solar eclipse, the disturbance manifested through the unusual R
constant value until 08:40 is well correlated with the constant value of
RSL. At the moment of solar eclipse maximum, the considerable R
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disturbance can be noticed, while this phenomenon does not reflect to
the RSL. From 10:00, until the end of the solar eclipse, value of R varied
within expected usual values, however RSL changed unusually.

This unusual RSL variation was possibly triggered by the solar eclipse
event. In ordinary periods of measurements, the relative air pressure,
absolute temperature and partially the pressure of the water vapour
directly influence the permittivity of the air, causing the refraction of the
electromagnetic wave, so the effects are noticeable as the RSL variation.
However, during a solar eclipse event, it is not possible to consequently
relate RSL and R. Considering the absolute amplitude variation of RSL,
which was in the domain of 2,5 dB for the presented time periods, the
sudden not so intense air permittivity perturbation within the area where
LOS link was established did not have direct influence on the radio
propagation at 3 GHz frequency. While RSLwas evidently slightly per-
turbedduring solar eclipse, there is not clear evidence that this pertur-
bation is related to solar eclipse. The observed phenomena are not well
presented in the literature for this particular scenario, and will be a
subject of future analyses.

3.6. Effects on the ionosphere and LF radio signal propagation

The ionospheric perturbations were detected as variations of recor-
ded NRK signal from Iceland. Generally, the temporal evolution of
recorded signal can be used for detection of low ionospheric plasma
perturbations; these changes in medium through which signal propagates
affect wave reflection height, and consequently, propagation geometry
and attenuation, resulting in variations of recorded signal characteristics.

The shapes of the temporal change depend on numerous parameters.
Namely, in addition to periodic and sudden variations in the ionospheric
plasma conditions, characteristics of signals like mutual locations of
transmitter and receiver, power of transmitted signal, and geographical
area through which the signal propagates, affect the recorded signal
properties. For these reasons the dependencies between the ionospheric
changes of electron density induced by radiation increase and VLF/LF
signal amplitude are not monotonous, e.g. growth in the electron density
does not necessarily cause amplification of recorded signal amplitudes
(for detailed explanation see Nina et al., 2017). Thus, for detection of
some sudden perturbationit is sufficient toobservechanges in temporal
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Fig. 6. Air ion concentration, temperature and relative humidity during partial solar eclipse. Dotted vertical lines indicate beginning, maximum and end of the eclipse.
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Fig. 7. Receiving signal level (RSL) and refractivity (R) variation. Shaded domains represent the time period when eclipse occurred.

evolution of signal characteristics.

Fig. 9 shows temporal variations of amplitude difference fromits initial
considered values, recorded by the AWESOME system at the Belgrade
station on March 20, 2015 when solar eclipse occurred, and three days
after that. The additional days are shown to visualize amplitude variation
in solar eclipse period with respect to its shapes in other relevant periods
without influence of the eclipse. The reason for choosing these particular
days was relatively quiet conditions without significant traveling
ionospheric disturbance resulting from atmospheric lightnings, and solar
flares among other events. While amplitude variations are pronounced
during the solar eclipse, they are practically within noise domains on
the other three days. In the first period, a decrease in amplitude was
observed, with the minimum occurring before the eclipse maximum.
Further, the amplitude increased, exceeded the amplitude values
during the first contact and reached the larger value approximately
coincidently with the eclipse maximum time (indicated by a vertical line).
Finally, it returned to the expected values, which are around initial values
(this can be concluded from the three referent signals).

As explained in Section 1, electron density variation is most important
for changes of plasma parameters which influence signal propagation. Its
time variations depend on different electron gain and loss processes. The
constituents of the low ionosphere can be ionized by y, X and a part of UV
photons. The most important solar influences on the ionization processes
in the D-region in absence of large radiation increase, primarily as
consequence of solar X-flares (Nina et al., 2012a,b) is coming from the
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Fig. 8. RSL and R variation during solar eclipse. Shaded domains represent the time
period when eclipse occurred.
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solar Lya line (121.6 nm) radiation (Swamy, 1991) whose presence is
periodically intensified during the day. Bearing in mind that satellites did
not register significant increase of intensity of X radiation, we can
conclude that the signal variations are a consequence of Lya radiation
decrease. http://en.wikipedia.org/wiki/Solar_eclipse.

4. Conclusions

Changes in atmospheric properties were observed during a partial
solar eclipse (51%) on March 20, 2015 in Belgrade. For that purpose, four
experimental setups were used to collect data, including lidar to derive
PBL height and heights of elevated layers, AWESOME VLF/LF receiver
(Cohen et al., 2010) and instruments for measurements of solar radiation,
meteorological parameters, concentrations of ozone, air ions and radon
and propagation of radio signals in troposphere. Although the solar
eclipse was only partial, its influence on atmospheric properties in
troposphere and ionosphere was noticeable. The detected changes in
atmospheric parameters were generally similar, but weaker in intensity,
to those reported in literature for solar eclipse events with larger
obscuration of solar disc.

In troposphere, the influence of the eclipse was observed in meteo-
rological surface parameters, and it was evident up to the top of the PBL.
Eclipse-induced decrease in PBL height was 200 m, comparable to that
reported in literature, with minimal value occurring 20 min after the
eclipse maximum. The PBL height determined from 12 UTC radio-
sounding measurements (soon after the eclipse), showed that it was
within the usual values for this location at that time of year. The mete-
orological parameters showed similar behavior at two measurement sites
Kosutnjak and IPB, respectively. The temperature change was more
pronounced and abrupt at the —IPB station, probably due to lower mea-
surement height, where it decreased by 2.6 °C, reaching minimum
15 min after the eclipse maximum. This temperature change is similar to
those reported in literature for solar eclipse with larger obscuration of
solar disc. At the KoSutnjakstation the temperature was almost constant,
until the eclipse maximum. Relative humidity was almost constant at
both sites from the first contact until the eclipse maximum, as opposed to
the increase reported in literature. The diurnal cycle then continued, with
the increase in temperature and decrease in relative humidity at both
sites. The 10-m wind speed and gusts decreased, reaching a minimum
about 30 min after the eclipse. The wind direction changed from north-
erly to northeasterly for the duration of the event. Decrease of PBL height
and the entrainment zone thickness were also observed during the
eclipse, as a result of diminished surface heating. Ozone concentrations
showed no decrease, as opposed to most results reported in literature,
except for those reported for rural measurement sites. The possible rea-
sons are less significant influence of photochemical reactions, decrease in
PBL height or advection by changing wind during the event. Measured
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eclipse duration

10:00
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Fig. 9. The variations of amplitude difference from its initial considered values against
the universal time (UT), recorded by the AWESOME system at the Belgrade station on
March 20, 2015 when solar eclipseoccurred (lower panel) and three days after that (top
panels). Shaded domains represent the time period when eclipse occurred (here we
consider a whole period of eclipse because of long signal propagation path from Iceland
to Serbia).

radon concentrations were typically low for this time of the day, while
the air ion concentration sharply decreased.

The referential Line-of-Sight (LOS) radio link was set in the area of
Belgrade, in order to investigate influence of the event on RSL instability.
During the solar eclipse, an unusual pattern of the signal level variation
was observed and different relationship between the RSL and the air
refractivity parameter (R). Further analysis is needed to clearly relate the
perturbation with solar eclipse which affected the atmospheric variables
and therefore R.

Impact of the solar eclipse on the ionosphere was registered through
changes of characteristics of radio waves which are reflected in iono-
sphere. The amplitude variations, were pronounced during the solar
eclipse, and were at the expected values on the days after the event. Since
satellite measurements did not show significant increase of intensity of X
radiation, it was concluded that the signal variations are consequence of
Lya radiation decrease.
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5.3. ASTUDY OF A DUST INTRUSION EVENT OVER BELGRADE, SERBIA

M. KuzmanoskKi, L. Ili¢, M. Todorovi¢, Z. Mijié¢
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
maja.kuzmanoski@ipb.ac.rs

ABSTRACT

This paper is to present the results of aerosol measurements from a dust intrusion episode in Belgrade during the period of July
5-7, 2014. A vertical profile of the aerosol backscattering coefficient, obtained from ground-based LIDAR measurements in
Belgrade, showed a distinct elevated dust layer at altitudes of 2-5 km on July 5, 2014. The altitude of the layer decreased later
in the episode, with its centre of mass decreasing from approximately 4 km to below 3 km. On the last day of the episode, an
entrainment of the dust layer into the planetary boundary layer was observed, consistent with the observed change of PMuo
concentration at the surface level. The PM1o concentration increased by 15-17 ug m at three monitoring sites in Belgrade, as
the dust plume was settling down during the episode. The DREAM model simulations reproduced well the observed dust layer
altitude. Dust surface concentrations from the model showed an increase of 11 ug m during the episode. The difference from
observed PMio increase was attributed to contributions of other aerosol types to observations.

INTRODUCTION

Mineral dust is one of the most abundant components of the global aerosol burden (Kinne et al., 2006). Saharan
dust originates from the world's primary dust source region, and can be transported over long distances (Prospero,
1999; Ansmann et al., 2003). It mixes with other aerosol types along the transport path, affecting their physical,
optical and radiative properties. Mineral dust affects the Earth's radiative budget by scattering and absorbing solar
and terrestrial radiation (direct effect), by modifying cloud properties due to their role in cloud formation (indirect
effect) or by changing the thermal structure of the atmosphere (semi-direct effect). However, there is significant
uncertainty in estimating role of dust in the Earth's climate system (IPCC, 2013). Dust impacts air quality, even at
locations distant from the source region (Prospero, 1999), and has harmful effects on human health (Giannadaki et
al., 2014). To address these problems, it is important to improve the understanding of dust properties on temporal
and spatial scales. This requires the synergistic use of ground-based and satellite measurements, along with a
regional dust model, for the analysis of dust spatial and temporal variability.

Here we present a case study of a dust intrusion episode observed in Belgrade from July 5-7, 2014. The analysis of
the temporal variability of the dust layer was based on ground-based LIDAR measurements in Belgrade, while
satellite measurements were used in the discussion of the spatial distribution of dust. Furthermore, the impact of
the dust intrusion episode on PMjo concentrations in Belgrade was analysed. The measurement results were
compared with results of Dust REgional Atmospheric Model DREAM (Nickovi¢ et al., 2001).

METHODOLOGY

The aerosol backscattering coefficient at 355 nm was derived from LIDAR measurements in Belgrade. A combined
Raman elastic backscatter LIDAR has been operating at the Institute of Physics Belgrade since February 2014. It
is based on the Nd:YAG laser operating at a fundamental wavelength of 1064 nm, and second and third harmonics
at 532 and 355 nm. The laser pulses of 5 nm duration are transmitted at repetition rate of 20 Hz, with the output
energies of 105, 45 and 65 mJ at these three wavelengths. The receiver is based on a 250 mm Cassegrain telescope
in a biaxial arrangement, with adjustable field of view in the range from 0.5 to 3 mrad. Photomultiplier tubes are
used to detect the backscatter signal in photon counting and analogue mode. The signals are detected at 355 and
387 nm, with a vertical resolution of 7.5 m and a temporal resolution of 1 minute. In this work we analysed the
elastic backscatter signal at 355 nm. The analysis of the LIDAR signal to obtain the aerosol backscattering
coefficient was performed using Fernald-Klett retrieval method (Fernald, 1984; Klett, 1985), assuming a LIDAR
ratio value of 50 sr. Due to incomplete overlap of the laser and telescope fields of view, the LIDAR signal
registering below 500 m was not considered in the analysis.

Daily PM1o mass concentrations at surface level, at three stations in Belgrade, were obtained from the State network
for automatic monitoring of air quality (https://data.gov.rs/sr/datasets/kvalitet-vazdukha-u-republitsi-srbiji/).

Dust REgional Atmospheric Model DREAM (Ni¢kovi¢ et al., 2001) embedded into the NCEP/NMME non-
hydrostatic atmospheric model (Janji¢ et al., 2011) was used to provide horizontal and vertical distribution of dust
concentration. The model domain covers Northern Africa, the Middle East and a large part of the European
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continent, with a horizontal resolution of 1/5° (~ 30 km) and 28 vertical levels. It uses 8 particle size bins within
the 0.1-10 pum radius range.

Additionally, we used an aerosol optical depth (AOD) at 550 nm from combined Deep Blue and Dark Target
algorithms and the Deep Blue Angstrém exponent (AE) at 412-470 nm products from the MODIS (Moderate
Resolution Imaging Spetroradiometer) instrument aboard the NASA Aqua satellite. We used Collection 6, Level 3
data products. It should be noted, that the increase in AOD indicates an increase in aerosol load, while the AE
parameter is used as a qualitative measure of particle size (the smaller AE values indicate predominantly coarse
particles).

CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) on board the CALIPSO satellite, was used to obtain
vertical profiles of aerosols and clouds. It is an elastic backscatter LIDAR operating at two wavelengths: 532 nm
and 1064 nm, with a depolarization channel at 532 nm. Here we used Level 2 Vertical Feature Mask product, which
provides information on the aerosol types present in the detected layers (Omar et al., 2009).

Air-mass back trajectories ending at different altitudes over the LIDAR measurement site were calculated using
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998;
http://ready.arl.noaa.gov/HYSPLIT.php), with meteorological input from the Global Data Assimilation System
(GDAS). The backtrajectories were used to provide an indication of the origin and pathways of air-masses arriving
at altitudes of interest over Belgrade.

RESULTS AND DISCUSSION

We present an analysis of a dust episode that was observed over Belgrade from July 5-7, 2014. The beginning of
the episode can be seen in MODIS data shown in Figure 1. MODIS values of AOD and AE indicate an increase of
aerosol load and an increased contribution of coarse particles on July 5th compared to the previous day; this is
typical for dust episodes.

0.82
0.74
0.66
058
0.5

0.42
0.34
0.26
0.18
0.1

20w 10w 0 10E  20E 30E 40E  SOE

Figure 1. MODIS aerosol data for July 4-5, 2014: (upper panels) MODIS aerosol optical depth (AOD) at 550 nm
from combined Deep Blue and Dark Target algorithms; (lower panels) Deep Blue Angstrém exponent (AE) at 412-
470 nm.

The observed AOD at 550 nm over Belgrade increased from below 0.1 on July 4th, to about 0.3 on July 5th (the
first day of the dust episode), with a decrease in the AE value from 1.4 to 0.4. Moderate AOD values were observed
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over Belgrade during the dust episode. MODIS data also showed that the dust event affected parts of western and
central Europe.

A close CALIPSO overpass over Belgrade occurred during the peak of the dust episode, on July 6th, at
approximately 12 UTC. The CALIOP Vertical Feature Mask data, along the satellite ground track, is presented in
Figure 2. We also showed the dust load over the area of interest and a vertical profile of the dust concentration
along the CALIPSO ground track, resulting from DREAM model simulations. Both CALIOP data and the DREAM
model results indicated that the dust plume extended north to Poland. The concentrations resulting from the model
were largest around 40°N, at altitudes between 2 and 3 km, and decreased towards the north. At the part of the
track within a 100 km distance from Belgrade, the DREAM model dust concentrations showeda maximum at a
similar altitude range. CALIOP data suggested the presence of polluted dust (a mixture of pure dust with smoke or
anthropogenic pollution) in this layer.

DREAM model forecast for July 6 2014
Dust Load ind 700hPa Geopotnetial Height

- N < 7
.‘ = i JRI. ~ 7 10
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—; .
20N ij}f o
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Figure 2. (upper panels) Map of dust load calculated from DREAM model on July 6, 2014 at 12 UTC, with
CALIPSO ground track and Belgrade LIDAR station marked; and the corresponding results of CALIOP aerosol
classification. (lower panel) Dust concentration vertical profiles along the CALIPSO ground track obtained from
DREAM model. Data between the two vertical lines corresponds to the part of the track within 100 km distance
from Belgrade LIDAR station.

Ground-based LIDAR measurements in Belgrade were analyzed to characterize the aerosol vertical profile during
the dust episode. The profile of the aerosol backscattering coefficient showed a distinctly elevated aerosol layer on
July 5th, at altitudes between approximately 2 and 5 km, with a maximum at about 4.5 km. It was identified as a
dust layer, based on the air-mass backtrajectory was calculated to find the corresponding aerosol source region.
Selected vertical profiles of the aerosol backscattering coefficient, and of the corresponding profiles of dust mass
concentration obtained from DREAM model simulations, are presented in Figure 3. It should be noted that their
comparison is only qualitative as we did not attempt to calculate the backscattering coefficient from the DREAM
model results due to its high sensitivity to aerosol chemistry. The averaging of LIDAR signals for the analysis of
the presented data was performed in 30minute intervals centered at the time of the model result. The dust layer
boundaries were determined following the procedure described by Mona et al. (2006). The backscattering
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coefficients showed that the layer descended during the course of the dust episode, and indicated an entrainment
of dust into the PBL on July 7th. Dust mass concentrations resulting from the DREAM model showed a similar
vertical pattern as the LIDAR measurements and a notable increase of dust concentration at altitudes below 2 km
on July 7th.
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Figure 3. (a, c, d) Vertical profile of aerosol backscattering coefficient from LIDAR measurements in Belgrade
(blue line) and the corresponding profile of dust concentration from the DREAM model (red line); horizontal lines
indicate dust layer base and top, while symbols show the positions of the dust layer’s center of mass as calculated
from LIDAR measurements and the DREAM model (b) 72hour airmass backtrajectory arriving at a 4 km altitude
over Belgrade on July 5, 2014, at 15 UTC (corresponding to profile (a)).

Figure 3 also shows altitudes of the dust layer center of mass, based on LIDAR measurements and the DREAM
model. In the case of LIDAR measurements, it was calculated as a backscattering-coefficient-weighted altitude,
according to:

fzz; zB(z)dz
[ Bz

Zc
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where z, and z; are the altitudes of the base and the top of the dust layer and f(z) is the aerosol backscattering
coefficient at altitude z. To minimize the effect of anthropogenic pollution, the center of mass from the LIDAR
measurements was calculated only for the elevated layer. The dust’s centre of mass from the DREAM model was
calculated taking into account the entire dust profile.

Daily mass concentration of PMy at ground level showed a similar trend at three air quality monitoring stations in
Belgrade, with an increase during the dust episode (Figure 4). The increase started on July 6th, and the maximum
was reached on July 7th, exceeding the 95th percentile of the summer (June, July and August) 2014 values.
However, the daily limit value of 50 ug m, set by the EU Air Quality Directive 2008/50/EC, was not exceeded.
The increase of PM1o concentration is in agreement with the results of the LIDAR measurements, and the DREAM
model, which indicated a settling of the dust plume (as shown in Figure 3). For comparison, daily average dust
mass concentrations at the surface, obtained from the DREAM maodel, are also shown in Figure 4. They showed a
similar trend as measured PMio concentrations, increasing by 11 ug m™ during the dust episode, while measured
PMy increased by 15 to 17 ug m at the three monitoring stations. Larger measured PM1, concentrations, compared
to surface dust concentrations from the model, were attributed to sources other than mineral dust.

45 45
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Figure 4. (left panel) Daily average dust surface concentration values from the DREAM model and PMg
concentrations from three air quality monitoring stations in Belgrade. (right panel) Boxplot of PMy, concentrations
during summer (June, July, August) of 2014 at three monitoring stations in Belgrade; the extent of the box indicates
the 25th and 75th percentiles, the central line represents the median value, while the whiskers indicate the 5th and
95th percentiles; the points represent the mean values.

CONCLUSION

We present analysis of a dust intrusion episode that was observed over Belgrade on July 5-7, 2014. The satellite
measurements showed that the dust plume extended to western and central Europe. A distinctly elevated dust layer,
extending at altitudes of approximately 2-5 km, was observed on July 5th using ground-based LIDAR in Belgrade.
The layer altitude decreased during the dust episode, with the centre of mass altitude decreasing from approximately
4 km to below 3 km. The LIDAR measurements indicated entrainment of dust into the PBL on July 7th, the last
day of the episode. The vertical distribution of dust and its temporal evolution over Belgrade was reproduced well
by the DREAM model. The observed daily PM1, concentrations at three monitoring stations in Belgrade showed
an increase of 15-17 pg m3, while dust was settling down during the episode as indicated by LIDAR measurements.
Dust surface concentrations obtained from the DREAM model showed the same trend as measured PMyg
concentrations, with a smaller increase (11 ug m™®), during the episode: This difference was attributed to the
contribution of other aerosol types to the observed PMjo concentrations.
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Health Risk Assessment for Residents and Workers Based on Toxic and

Carcinogenic Element Content from PM, . in Belgrade Suburban Area

T. Milicevi¢"", D. Mutavdzié?, M. Anici¢ Urosevi¢!, M. Kuzmanoski', 1. Kodranov’, A. Popovié®, D. Relic’. (1) Environmental
Physics Laboratory, Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade, Serbia; (2) University of
Belgrade-Faculty of Chemistry, Studentski Trg 12-16, Belgrade, Serbia; “tijana.milicevic@ipb.ac.rs.
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Particulate matter of diametar <2.5 um (PM, ) pol-
lution is recognized as one of primary pollution contam-
inant which directly affect human health. Toxic and car-
cinogenic elements originating from different pollution
sources can be constituents of PM, .. Because of their
small size, particles can penetrate deeper into the lungs
and enter the bloodstream causing different disorders
and threats to human health [1].

We performed elemental characterization of PM,
samples collected during the spring/summer sea-
son 2019 in a suburban part of Belgrade (in the inner
courtyard of Institute of Physics Belgrade). The spring/
summer period was characterized by the industrial or
different outdoor activities with several Saharan dust
episodes. In addition, April and October were partly
characterized by heating sources.

The quartz filters with PM, ; were digested by the
microwave digestion system using 7 mL 65% HNO,
and 1 mL 30% H,0,. The concentrations of Al, B, Ba,
Bi, Ca, K, Fe, Mn, Ni, P, S and Sr were measured using
inductively coupled plasma-optical emission spectrom-
etry (ICP-OES), while concentrations of Ag, As, Be,
Cd, Co, Cu, Cr, Hg, Pb, Se, Sb and Tl were measured
using inductively coupled plasma mass spectrometry
(ICP-MS).

The non-carcinogenic and carcinogenic risks for
residents and for five different types of workers (out-
door, indoor, composite, construction and excavation
workers) in this ambient were assessed by equations
provided by The Risk Assessment Information System
—RAIS [2].
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Comparing the investigated scenarios, the highest
non-carcinogenic and carcinogenic risks were observed
for the residents. There were observed non-carcinogenic
(HI>1) and carcinogenic (R>1x107) risks for the res-
idents from this area. The residents spent the most of
their time in this ambient and they are most at the risk
caused by the measured PM, ; pollution (HI . ~2.28;
R i 1.25 ¥ 10). Observing the scenarios for work-
ers, the risk mostly depends on the time that workers
spent outside during working hours. Similar non-car-
cinogenic risks were observed for outdoor, indoor and
composite workers, slightly higher risk was observed
for construction workers, while the lowest risk was ob-
tained for an excavation worker who is less exposed to
the PM, ; atmospheric deposition than soil dust resus-
pension. The same was observed for the carcinogenic
risk, while the similar risks were observed for all work-
ers. Only for an excavation worker, the carcinogenic
risk was significantly lower than for other workers. The
most significant contributor to the non-carcinogenic risk
in all scenarios was the concentration of Mn, and then
the concentration of Be, while the most significant con-
tributor to the carcinogenic risk was Cr®".

Observing the risks among the investigated period
the highest non-carcinogenic and carcinogenic risks
were observed in April and October based on the tox-
ic and carcinogenic elements in PM, . In these months
beside the influence of the industrial activities, dust
episodes or activity of heating sorces possibly caused
the increase of the toxic and carcinogenic elements in
PMZ.S'

Acknowledgements

The athors received funding by Institute of Physics
Belgrade (No. 0801-116/1) and Faculty of Chemistry
(No. 451-03 68/2020-14/200168) supported by Minis-
try of Education and Science of the Republic of Serbia.

References

[1] World Health Organization (WHO) 2021, www.
who.int; 22.9.2021.

[2] Oak Ridge National Laboratory, Risk Assess-
ment Information System (RAIS) http://rais.ornl.gov;
20.9.2021.



@Ugs::xg.yzom

EGU21-7754, updated on 25 Feb 2022
https://doi.org/10.5194/egusphere-egu21-7754

EGU General Assembly 2021
© Author(s) 2022. This work is distributed under

the Creative Commons Attribution 4.0 License.

Ice nucleating particle concentrations in Dust Regional Atmospheric
Model (DREAM) - going one step further
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Mineral dust particles in the atmosphere have a large influence on the physical properties of
clouds and their lifecycle. Findings from field experiments, modeling, and laboratory studies
suggest that mineral dust particles are very efficient ice-nucleating particles (INPs) even in regions
distant from the desert sources. The major sources of mineral dust present in the Mediterranean
basin are located in the Sahara Desert. Understanding the significance of mineral dust in ice
initiation led to the development of INPC parameterizations in presence of dust for immersion
freezing and deposition nucleation processes. These parameterizations were mineralogically
indifferent, estimating the dust ice nucleating particle concentrations (INPCs) based on dust
concentration and thermodynamic parameters. In recent studies, feldspar and quartz minerals
have shown to be significantly more efficient INPs than other minerals found in dust. These
findings led to the development of mineralogy-sensitive immersion freezing parameterizations. In
this study, we implement mineralogy-sensitive and mineralogically-indifferent INPC
parameterizations into a regional coupled atmosphere-dust numerical model. We use the Dust
Regional Atmospheric Model (DREAM) to perform one month of simulations of the atmospheric
cycle of dust and its feldspar and quartz fractions during Saharan dust intrusion events in the
Mediterranean. EARLINET (European Aerosol Lidar Network) and AERONET (AErosol RObotic
NETwork) measurements are used with POLIPHON algorithm (Polarization Lidar Photometer
Networking) to derive cloud-relevant dust concentration profiles. We compare DREAM results with
lidar-based vertical profiles of dust mass concentration, surface area concentration, number
concentration, and INPCs. This analysis is a step towards the systematic analysis of dust
concentration and INPC parameterizations performance when compared to lidar derived vertical
profiles.
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8.3 ASTUDY ON TROPOSPHERIC AEROSOLS CHANGE DURING THE COVID-19 LOCK-
DOWN PERIOD: EXPERIENCE FROM EARLINET MEASUREMENT CAMPAIGN

Z. Miji¢, M. Kuzmanoski, L. Tli¢
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
zoran.mijic@ipb.ac.rs

To slow down the rate of spread of corona virus, most of the countries in Europe have followed partial -to-
complete lockdown measures in 2020. The lockdown period provided a unique opportunity to examine the
effects of reduced anthropogenic activities on changes in the atmospheric environment. Aerosol lidars with
their high temporal and vertical resolution, provide reliable information on the atmospheric structure, its
dynamics, and its optical properties. The European Aerosol Research Lidar Network, EARLINET, was
established in 2000 as a research project with the goal of creating a quantitative, comprehensive, and
statistically significant database for the horizontal, vertical, and temporal distribution of aerosols on a
continental scale (Pappalardo et al., 2014). EARLINET is part of ACTRIS (Aerosols, Clouds and Trace gases
Research Infrastructure) a pan-European initiative consolidating actions among European partners producing
high-quality observations of aerosols, clouds and trace gases.

As a part of the ACTRIS initiative for studying the changes in the atmosphere during the COVID-19 lockdown
period in May 2020 a dedicated EARLINET measurement campaign was organized in order to: monitor the
atmosphere’s structure during the lockdown and early relaxation period in Europe, and to identify possible
changes due to decreased emissions by comparison to the aerosol climatology in Europe. During the campaign
the near-real-time (NRT) operation of the EARLINET was demonstrated following previous experience from
the EUNADICS-AV exercise (Papagiannopoulos et al., 2020). The Belgrade lidar station (Ili¢ et al., 2018)
participated in the campaign together with 21 EARLINET stations providing vertical aerosol profiles twice per
day (minimum two hours measurements at noon, and minimum two hours after sunset). The measurements
were submitted and processed by the Single Calculus Chain (SCC) in the near-real-time. The SCC is a tool for
the automatic analysis of aerosol lidar measurements developed within EARLINET network (D'Amico et al.,
2015, D'Amico et al., 2016). 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
(measures of the aerosol load) together with other aerosol products. This first analysis was based on the data
processed by the SCC and directly published on the THREDDS server in NRT. The preliminary analysis made
on aerosol lidar data shows that by simply comparing the observed backscatter values with the climatological
values from 2000-2015 is not sufficient to extract a clear conclusion on how much the COVID-19 lock-down
has impacted the aerosols in the atmosphere, but a certain effect for low troposphere can be seen. Beyond the
scientific goals of this campaign, the actions organized by EARLINET/ACTRIS (NRT delivery of the data and
fast analysis of the data products) proved that aerosol lidars are useful for providing information not only for
climatological purposes, but also in emergency situations. A more quantitative analysis based on re-analyzing
additional data products will be made to consolidate the conclusions.
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The Sahara Desert is the major source of mineral dust, which is a significant portion of
atmospheric aerosol. Mineral dust particles play a role in radiative balance, with a direct effect and
by influencing cloud formation and lifetime. They have been recognized as highly efficient ice
nuclei, fostering the development of parameterizations for immersion and deposition freezing
involving dust particles. Feldspar minerals have shown to be a significantly more efficient ice
nucleating agents than other dust minerals which led to the development of a ‘mineralogy
sensitive’ immersion freezing parameterization. The investigation of the relative efficiency of
quartz compared to feldspars for the immersion ice nucleation, based upon literature data and
new experiments, led to the development of a new parameterization to be applied to mineral dust
concentrations. Within numerical models, explicit simulation of mineral dust fractions enables the
use of ‘mineralogy sensitive’ immersion parameterizations.

The operational DREAM model calculates the number of ice nuclei,but does not take into
consideration the mineral composition of dust. In this study, instead, we use DREAM model to
simulate the atmospheric cycle of feldspar and quartz fractions of dust. Dust mineral composition
is used to calculate ice nucleating particle concentrations based on mineral-specific immersion
freezing parameterizations. A case study related to the observations of geometrical and
microphysical characteristics of the clouds formed in the Mediterranean, in April 2016 is
considered. We compare the model results with ice nucleating particle concentrations retrieved
using lidar and radar ground-based remote sensing observations at Cyprus and Potenza. The
analysis explores how the mineral composition of dust and the parameterization of its effects on
ice initiation could further improve ice nucleation representation in numerical models.
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9.3. MODELING OF IMMERSION FREEZING INITIATION ON MINERAL DUST IN DUST
REGIONAL ATMOSPHERIC MODEL (DREAM)

L. Ili¢ (1), A. Jovanovi¢ (1), M. Kuzmanoski (1), S. Ni¢kovi¢ (2)
(1) Institute of Physics, University of Belgrade, Belgrade, Serbia, (2) Republic Hydrometeorological Service of
Serbia — South East European Viertual Climate Change Center, Belgrade, Serbia
luka.ilic@ipb.ac.rs

Mineral dust particles are atmospheric aerosol suspended from arid areas. The Sahara Desert is the major source
of mineral dust, producing a significant part atmospheric acrosol. There is a large uncertainty in estimating role
of dust in the Earth’s climate system. Mineral dust particles influence the radiative balance of the planet in two
different ways, by directly interacting with radiation and indirectly by playing a role in cloud formation. Research
showed that mineral dust particles are very efficient ice nuclei, which glaciate supercooled cloud water through a
process of heterogeneous ice nucleation even in regions distant from the desert sources (Cziczo et al, 2013). Due
to recognition of the dominant role of dust as ice nuclei, parameterizations for immersion and deposition freezing
specifically due to dust have been developed (Niemand et al, 2012; DeMott et al, 2015; Ullrich et al, 2017). A
study by Atkinson et al, 2013, showed that feldspars are at least by an order of magnitude more efficient ice
nucleating agents than other dust minerals. This breakthrough contrasts with the prevailing view that clay minerals
are the most important component of atmospheric mineral dust for ice nucleation.

The calculation of the number of ice nuclei in the operational DREAM model is based on atmospheric parameters
and on dust concentration (Nickovic et al, 2016). The immersion and deposition ice nucleation parameterizations
due to dust have been implemented in the model, not taking into consideration the mineral composition of dust.
In this study, we use DREAM model to simulate atmospheric cycle of different mineral fractions of dust. Dust
concetration, thermodynamic quantities and dust mineral composition are used to calculate ice nucleating particle
concentration based on mineral specific immersion freezing parameterizations. We compare the model results
with relevant observations from remote sensing instruments and ice nucleation chambers. We analyze the results
to explore how the mineral composition of dust and appropriate parameterization of its effects on ice initiation
could further improve ice nucleation representation in the model.
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10.2. A CLIMATOLOGY OF SATELLITE DERIVED AEROSOL OPTICAL DEPTH OVER
BELGRADE REGION, SERBIA

Z. Mijié, A. Jovanovié¢, M. Kuzmanoski, L. Ili¢
1) Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia,
3% &g ty & &
zoran.mijic@ipb.ac.rs

Suspended particulate matter (PM) in the atmosphere, commonly known as atmospheric aerosol plays one of the
most important roles in climate change, air quality, and human health. Atmospheric aerosol affects climate through
the direct (scattering and absorption both solar and terrestrial radiation) and indirect effects (modification of cloud
through aerosol-cloud interaction) introducing one of the major uncertainty in our quantitative understanding of
the radiative forcing (IPCC, 2007). Numerous studies have shown a significant association between particle matter
concentrations and health risk especially airborne particle matter with diameter less than 10 um (PM;o) and 2.5
um (PM,s) (Yang et al. 2018). As the evidence base for the association between PM and short-term, as well as
long-term, health effects has become much larger and broader, it is important to regularly update the guidelines
for PM and PM-bound components limit values. Usually ground-based monitoring networks are used for PM
assessment but still with no adequate spatial and time coverage. For the last decade various studies have been
conducted to overcome this problem and to get PM estimates from satellite measurements (Kumar et al. 2007, Li
et al. 2015). One of the most important aerosol products retrieved from satellite measurement is aerosol optical
depth (AOD) which is the integration of the aerosol extinction coefficient from the Earth’s surface to the top of
the atmosphere, and it represents the attenuation of solar radiation caused by aerosols. The relationship between
AOD and surface PM concentrations depends on various factors, including aerosol vertical distribution, aerosol
type and its chemical composition, as well as its spatial and temporal variability, which are governed by spatio-
temporal distribution of emissions and meteorological conditions (Kong et al., 2016). Due to their short lifetime
and the large variability in space and time it is necessary to establish a climatology of the aerosol distribution both
on regional and global scale thus satellite-retrieved AOD has become an important indicator of ground-level PM
and aerosol burden in the atmosphere. The Moderate Resolution Imaging Spectroradiometer (MODIS) is aboard
two polar orbiting satellites Terra and Aqua and measures the upwelling radiance from the Earth—atmosphere
system at 36 wavelength bands, ranging from 0.4 to 14 um. MODIS provides a daily near-global distribution of
AOD over both ocean and land (Sayer et al., 2013). In this study long-term temporal variation and trend of AOD
over Belgrade region are presented. Monthly mean values of MODIS aerosol optical depth at 550 nm were
examined for the 10 year period 2005-2015. The MOD08 Combined Dark Target and Deep Blue AOD data
products from MODIS Terra platform (Collection 6.1, Level 3 AOD data downloaded through NASA
GIOVANNI web portal https://giovanni.gsfc.nasa.gov/giovanni/) at 1 degree spatial resolution were utilized.
Frequency distributions of the AOD values were examined together with monthly and seasonal variations. The
annual AOD mean was 0.17 with standard deviation of 0.07 over ten year period. AOD values exhibited seasonal
annual mean variation and slightly negative trend. Significant monthly AOD variability is observed with
maximum in August (~0.28) and a minimum in winter months (~0.06). Analysis of long term time series of AOD
data could reveal how AOD regarding ground-based PM measurement in Belgrade changes over time. The aerosol
climatology can be useful in the climate change assessment, weather and environmental monitoring over Belgrade
region with the potential for further application in particle matter estimates from satellite measurement.
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10.8. CASE STUDY OF THE VERTICAL DISTRIBUTION OF SAHARAN DUST OVER
BELGRADE

A. Jovanovié, L. Ili¢, M. Kuzmanoski, Z. Mijié¢
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
aleksandar.jovanovic@ipb.ac.rs

Mineral dust aerosol is ubiquitous in the troposphere around the globe, and dominant in terms of mass
concentration (Grini et al., 2005). Sahara is the largest source of dust emission and atmospheric dust loading in
the world (Choobari et al., 2014). Strong low-level winds and convection can uplift mineral dust particles into the
free troposphere, where they are transported over large distances even at intercontinental scales (Goudie and
Middleton, 2001). Dust acrosols have a direct impact on the global radiative budget of the atmosphere by
scattering and absorbing shortwave and longwave radiation. Also, dust aerosols can change the microphysical
characteristics of clouds and precipitation due to their role in the nucleation of cloud ice and droplets (Rosenfeld
et al., 2001). Furthermore, dust impacts air quality even at locations distant from its source region (Prospero,
1999). To improve understanding of these effects, it is important to characterize dust horizontal and vertical
distribution, as well as meteorological conditions that lead to dust outbreaks in region of interest.

In this study, four episodes of long-range transport of Saharan dust to Balkans will be investigated based on results
of numerical model and available ground-based measurements. Synoptic circulation patterns and airmass
backtrajectories during these events will also be analyzed. For dust forecast, we used the Dust Regional
Atmospheric Model — DREAM. The model was developed to predict the concentration of dust aerosol in the
troposphere, and includes processes of dust emission, dust horizontal and vertical turbulent mixing, long-range
transport and dust deposition (Nickovi¢ et al., 2001). Modeled dust concentration vertical profiles and
concentrations at surface level during the selected events will be discussed. A qualitative comparison of modeled
dust vertical profiles and results of LIDAR (Light Detection and Ranging) measurements in Belgrade will be
presented. Furthermore, comparison of modeled dust surface concentrations with the measurements of PMj,
particle mass concentration in two urban background stations in Belgrade will be shown, to give insight into the
effect of dust on air quality during these dust episodes.
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Modeling of mineral composition effects on ice nucleation due to dust in
Dust Regional Atmospheric Model (DREAM)

Luka Ili¢ (1), Bojan Cvetkovi¢ (2), Goran Pejanovié (2), Slavko Petkovi¢ (2), Maja Kuzmanoski (1), Slobodan
Nickovi¢ (2,1)
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Mineral dust comprises a significant part of global aerosol burden. There is a large uncertainty in estimating role of
dust in the Earth’s climate system, partly due to its effects on radiation and cloud formation. Research showed that
mineral dust was found in the samples of residual particles from cloud ice crystals collected by aircraft measure-
ments. These results indicated that dust particles dominate over other known ice nuclei such as soot and biological
particles even in regions distant from desert sources. Most recently, due to recognition of the dominant role of dust
as ice nuclei, parameterizations for immersion and deposition icing specifically due to dust have been developed.
The icing process is strongly influenced by dust mineral composition. A breakthrough in understanding the role of
different minerals was made by Atkinson et al. [Nature, 498, 355-358 (2013)], showing that feldspars are at least
by an order of magnitude more efficient nucleating catalysts than other dust minerals. This contrasts with the pre-
vailing view that clay minerals are the most important component of atmospheric mineral dust for ice nucleation.
The calculation of the number of ice nuclei in the operational DREAM model is based on atmospheric parameters
and on dust concentration. The immersion and deposition ice nucleation parameterizations due to dust have been
implemented in the model not taking into consideration the mineral composition of dust.

In this study, we use DREAM model with incorporated particle mineral composition to calculate ice nuclei num-
ber concentrations. Our study is focused to explore if the Atkinson’s parameterization could further improve ice
nucleation representation in the model. We compare the model results with relevant observations from remote
sensing instruments. Synergistic sun-photometer and lidar measurements and cloud radar observations are used to
explore the model capability to represent vertical features of the cloud and aerosol vertical profiles. In addition,
MSG/SEVIRI ice water path satellite observations (Meteosat Second Generation the Spinning Enhanced Visible
and InfraRed Imager) will be used to evaluate horizontal distribution of modeled IN.

Acknowledgements

The publication was supported by the project GEO-CRALDE (Coordinating and integRating state-of-the-art Earth
Observation Activities in the region of North Africa, Middle East, and Balkans and Developing Links with GEO
related initiatives towards GEOSS), Grant Agreement No. 690133, funded under European Union Horizon 2020
Programme - Topic: SC5-18b-2015, Integrating North African, Middle East and Balkan Earth Observation capac-
ities in GEOSS. We Acknowledge EUMETSAT for use of its Satellite Application Facility on Climate Monitoring
(CM SAF) data.



Book of abstracts

/\7 >
&
-0

PHOTONICA2017

The Sixth International School and Conference on Photonics

& COST actions: MP1406 and MP1402
&®

MultiscaleSolar @

&H2020-MSCA-RISE-2015 CARDIALLY workshop

CARDIALLY

28 August — 1 September 2017
Belgrade, Serbia

Editors
Marina Leki¢ and Aleksandar Krmpot
Institute of Physics Belgrade, Serbia

Belgrade, 2017



ABSTRACTS OF TUTORIAL, KEYNOTE, INVITED LECTURES,
PROGRESS REPORTS AND CONTRIBUTED PAPERS

of

The Sixth International School and Conference on Photonics
PHOTONICA2017

28 August — 1 September 2017
Belgrade Serbia

Editors
Marina Leki¢ and Aleksandar Krmpot

Technical assistance
Marko Nikoli¢ and Danica Pavlovié

Publisher

Institute of Physics Belgrade
Pregrevica 118

11080 Belgrade, Serbia

Printed by
Serbian Academy of Sciences and Arts

Number of copies
300

ISBN 978-86-82441-46-5



Committees

Scientific Committee

Aleksandar Krmpot, Serbia
Antun Balaz, Serbia

Arlene D. Wilson-Gordon, Israel
Bojan Resan, Switzerland

Boris Malomed, Israel

Branislav Jelenkovié, Serbia
Dejan Gvozdi¢, Serbia

Detlef Kip, Germany

Dragan Indjin, United Kingdom
Edik Rafailov, United Kingdom
Feng Chen, China

Francesco Cataliotti, Italy
Giannis Zacharakis, Greece
Goran Isi¢, Serbia

Goran Masanovi¢, United Kingdom
Isabelle Philippa Staude, Germany
Jelena Radovanovi¢, Serbia
Jerker Widengren, Sweden
Jovana Petrovi¢, Serbia

Laurent Sanchez, France
LjupcoHadzievski, Serbia

Marco Santagiustina, Italy

Milan Mashanovié¢, United States of America
Milan Trtica, Serbia

Milo§ Zivanov, Serbia

Milutin Stepi¢, Serbia

Milivoj Beli¢, Qatar

Nikola Stojanovi¢, Germany
Pavle Andus, Serbia

Peda Mihailovi¢, Serbia

Rados Gaji¢, Serbia

Schaaf Peter, Germany

Sergei Turitsyn, United Kingdom
Suzana Petrovié, Serbia

Ticijana Ban, Croatia

Vladana Vukojevi¢, Sweden
Zoran Jaksi¢, Serbia

Zeljko Sljivanéanin, Serbia

Organizing Committee

Aleksandar Krmpot, (Chair)
Marina Leki¢ (Secretary)
Stanko Nikoli¢ (webmaster)
Marko Nikoli¢,

Vladimir Velji¢

Danica Pavlovié¢

Technical Organizer

PanaComp

é i" Wonderland Travel



Conference Topics

Quantum optics and ultracold systems
Nonlinear optics

Optical materials

Biophotonics

Devices and components

Optical communications

Laser spectroscopy and metrology
Ultrafast optical phenomena

Laser - material interaction

Optical metamaterials and plasmonics
Other topics in photonics

RHRoOo~NOoOkwNE

=0

Vil



T.1

T.2

T.3

T.4

T.5

K.1

K.2

K.3

K.4

K.5

K.6

K.7

Table of Contents

Tutorial lectures

Lecture 1: "Stokes parameters, atomic multipole moments and their interaction
Lecture 2: "Atom light interactions in the presence of magnetic fields"

Antoine Weis

Lecture 1: "3D laser printing of polymers, nanoparticles, and living cells".....................oooii, 3
Lecture 2: "3D laser printing of polymers, nanoparticles, and living cells"

Boris Chichkov

Beyond the myth of nonlinear capacity limits in fiber optic tranSmisSSION............oevvverrenrenriieniennn. 4
S. Radic and N. Alic

Self-organization of light in media with competing nonlocal nonlinearities.....................ccceevnnnn 5
F. Maucher, T.Poh, S.Skupin and W.Krolikowski

Translation of remote photons based sensing into virtual tactile and hearing senses.................c........6

Yevgeny Beiderman, Yafim Beiderman, Sergey Agdarov and Zeev Zalevsky
Keynote lectures

Ultrasensitive and ultrahigh resolution fluorescence spectroscopy and imaging for fundamental

biomolecular studies and towards clinical diagnOStiCs. ...........ccooiiiiii i 8
Jerker Widengren
A classical model for depolarization by temporal and spatial decoherence.................c.cooviiiiinn, 9

Kurt Hingerl

Developing high capacity fibre transmission systems employing spectrally efficient
SUPEr-ChanNeIteCNOIOgY . ......ori i e e 10
Vidak Vujicic, Cosimo Calo, Colin Browning, Kamel Merghem, Anthony Marlinez,

Abderrahim Ramdane, Liam P Barry

In situ visual observation of 2D materials growth and modifications, and characterization of

thEIr OPLICAl PrOPEITIES. . .ottt e e e 11
Marko Kralj

Rogue waves, Talbot carpets and accelerating beams............oouvitiiiiiiiiiiiiii e 12
M.R. Belic, S. Nikolic, O. Ashour, and Y.Q. Zhang

All-optical processing using phase-change nanophotonics..........c.oeviiiiiiiiiiiiiiii e 13
Wolfram Pernice

Three-dimensional "solitons™ in Bose-Einstein condensates and nonlinear optics......................... 14

Sadhan K. Adhikari

Invited lectures

Metal free structural colors via disordered nanostructures with nm resolution and full CYMK

oto] (o] gt~y o T=To! 1 111 U 16
V. Mazzone, M. Bonifazi and A. Fratalocchi

Two Intriguing Examples for Topological Effects in Ultracold Atoms.............c.coooiiiiiiininn, 17
Axel Pelster

Vil



Photonica 2017 Table of Contents

0.M.P.16 Subwavelength nickel-copper multilayers as an alternative plasmonic material...................... 199
Ivana Mladenovi¢, Zoran Jaksic, Marko Obradov, Slobodan Vukovi¢, Goran Isié,
Dragan Tanaskovi¢, Jelena Lamovec
O.M.P.17 Nontrivial nonradiating all-dielectric anapole SOUICES. ..........c.iviiiiriiie e 200
Nikita A. Nemkov, Ivan V. Stenishchev, Alexey A Basharin
0O.M.P.18 Metamaterials with broken symmetry: general approach, experiment and multipolar

AECOMPOSITION. ...t e 201
Anar K. Ospanova and Alexey A. Basharin

0O.M.P.19 Titanium nitride plasmonic resonator Fabry-Perot for Raman lasing on nanoscale.................. 202
A. V. Kharitonov, S. S. Kharintsev and M. Kh. Salakhov

0O.M.P.20 Phase and amplitude tunability in planar THz metamaterials with toroidal response................ 203
Maria V. Cojocari, Kristina Schegoleva, Alexey A. Basharin

O.M.P.21 Laser induced ultrafast switching processes indiamond.................ocooiiiiiiiiiiiiiii i, 204
T. Apostolova and B. Obreshkov

0O.M.P.22 Plasmonic Transmission Gratings for biosensors and atomic physics...............ccooivviiiiinn.. 205

A. Sierant, B. Jany, D. Bartoszek-Bober, J. Fiutowski, J. Adam and T. Kawalec

0O.M.P.23 Flat lenses with continuously graded metamaterials designed using transformation optics:
anexact analytical solution of field equations. ... 206
M. Dalarsson, R. Mittra and Z. Jaksi¢

11. Other topics in photonics

O.P.1 Fresnel diffraction of a Laguerre-Gaussian LG(l,n) laser beam by a combination of

a fork-shaped grating and an aXiCON...........ouiniiriiit e e 207
S. Topuzoski

O.P.2 Manipulation of the topological charges of vortices within large optical vortex lattices:
Far-field beam reshaping. ..o 208
L. Stoyanov, G. Maleshkov, I. Stefanov, A. Dreischuh

O.P.3 Characterization of liquid-phase epitaxy grown thick GalnAs (Sb)N layers..................ccooeneei. 209

V Donchev, | Asenova, M Milanova, D Alonso-Alvarez, K Kirilov, N Shtinkov,
I G Ivanov, S Georgiev, E Valcheva and N Ekins-Daukes

O.P.4 Vertical Raman LIDAR profiling of atmospheric aerosol optical propertis over Belgrade............. 210
Z. Miji¢, L. Ili¢ and M. Kuzmanoski
O.P.5 Planar versus three-dimensional growth of metal nanostructures at 2D heterostructures............... 211

S. Stavrié, M. Belié, 7. Sl]'ivanéanin

O.P.6 Ab initio study of superconducting properties of NbSe,monolayer in the DFPT formalism
using Wannier interpolation. ... .. ..o e e 212
Tatjana Agatonovi¢ Jovinand Rados Gajic¢

O.P.7 Characterization of magnetron sputtered transparent hole conducting layers
FOr OrganiC SOLAT COIIS. . ...\ttt ittt et et et et et et e e e e e are s 213
M. Sendova-Vassileva, R. Gergova, Hr. Dikov, G. Popkirov, V. Gancheva and G. Grancharov

O.P.8 Post-processing synchronization and characterization of generated signals by a repetitive
Y Pl s (= 1T 2110 PN 214
A. Redjimi, Z. Nikoli¢, D. Knezevi¢ and D. Vasiljevi¢

O.P.9 Cryogenic slab CO laser with RF discharge pumping: sealed-off plasma chemistry

OF the ACHIVE MEAIUIML. ... ottt et et e e e 215
AA. lonin, 1.V. Kochetov, A.Yu. Kozlov, A.K. Kurnosov, A.P. Napartovich, L.V. Seleznev,
D.V. Sinitsyn

0O.P.10 Organic Nanocrystals for Quantum Nanophotonic Applications...............coooiviiiiiiiiniien.. 216

XIX



Photonica 2017 11. Other topics in photonics

Vertical Raman LIDAR profiling of atmosphericaerosol optical properties over
Belgrade

Z. Miji¢, L. 1li¢ and M. Kuzmanoski
Institute of Physics,Belgrade, Serbia
e-mail:luka.ilic@ipb.ac.rs

The direct radiative effect due to aerosol-radiation interactions is the change in radiative flux caused by the
combined scattering and absorption of radiation by anthropogenic and natural aerosols. Due to their short lifetime
and the large variability in space and time atmospheric aerosols are considered one of the major uncertainties in
climate forcing and atmospheric processes [1]. For radiative studies it is necessary to measure aerosol optical
properties, size, morphology and composition as a function of time and space, with a high resolution in both
domains to account for the large variability. Lidar (Light Detection And Ranging), an active remote sensing
technique, represents the optimal tool to provide range-resolved aerosol optical parameters. Large observational
networks such as the European Aerosol Research Lidar Network (EARLINET) [2], the Aerosol Robotic Network
(AERONET), provide the long-term measurement series needed to build a climatology of aerosol optical
properties at the continental and global scales.

In order to assess the origin and type of aerosols which travel over Balkan region, having an impact on
modification of the regional radiative budget, case studies combining measurements at the EARLINET joining
lidar station in Belgrade with atmospheric modeling have been analyzed. For vertical profiling and remote sensing
of atmospheric aerosol layers the Raman lidar system at the Institute of Physics Belgrade (44.860 N, 20.390 E) has
been used. It is bi-axial system with combined elastic and Raman detection designed to perform continuous
measurements of aerosols in the planetary boundary layer and the lower free troposphere. It is based on the third
harmonic frequency of a compact, pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a
20 Hz repetition rate. The optical receiver is a Cassegrain reflecting telescope with a primary mirror of 250 mm
diameter and a focal length of 1250 mm. Photomultiplier tubes are used to detect elastic backscatter lidar signal at
355 nm and Raman signal at 387 nm. The detectors are operated both in the analog and photon-counting mode and
the spatial raw resolution of the detected signals is 7.5 m. Averaging time of the lidar profiles is of the order of 1
min corresponding to 1200 laser shots. Lidar measurements can be used in synergy with numerical models in order
to validate and compare information about aerosols. In this paper DREAM (Dust Regional Atmospheric Model)
model, designed to simulate and/or predict the atmospheric cycle of mineral dust aerosol [3], will be used to
analyze dust transport. The capability of the lidar technique to derive range-resolved vertical profiles of aerosol
optical parameters (backscatter and extinction coefficient) with very high spatial and temporal resolution will be
used to identify the altitude of layers and the temporal evolution of intrusions. Using these altitudes as inputs in air
mass trajectory model, the source of aerosols can be identified. The additional techniques (satellite remote sensing)
will be also discussed for selected case-studies.
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