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Ipeamer: Mumbeme pykoBoauona mnpojekta 3a peusdop ap Ilpeapar Koaapxk-a y
3Bal-€ BUIIH HAYYHU CAPaJHUK ca MPeJIOroM KOMHCH]e 32 H300p y 3Bame

Jp [penpar Konapx je 3anociaeH y MHcTuTyTy 3a ¢usuky y LleHTpy 3a uBpcTO cTame M
HOoBe Mmarepujaje, Jlaboparopuja 3a UCTpaxuBamwe y 00JacTH eJeKTpOHCKUX Mmarepujana. Jlo
Kpaja MnpojeKTHOr uukiyca MuHUcTapcTBa MpocBeTe M Hayke Penybauke CpOuje Ouo je
aHra>koBaH Ha TMpPOjeKTUMa OCHOBHHMX MCTpaxc<MBawa MHMHUCTApCTBa MPOCBETE, HAyKe MU
TexHonoikor pa3soja OU 171020, nox HazuBoM ,,du3KKa cynapa U GOTONpoLECca Y aTOMCKUM,
(6HMO)MONIEKYJICKUM W HaHOJAMMEeH3WOHUM cuctemuMma" (8 meceun) u Ha MMKM45003 npojekty
MMM45003 - OnToenekTpoOHCKM HaHOJAMMEH3UOHU CUCTEMH - MyT Ka npumeHu (4 meceua). Ha
MOMEHYTHM MpOjeKTUMa je paauo Ha TemMama aTMOCc(epcKUX HCTpakMBakba OJHOCHO pa3Bojy M
NPUMEHU Mepaya KOHUEHTpallMje joHa Yy Ba3[yXy M HHUXOBE Kopesaluje ca paJuOaKTMBHUM
racom paJoHOM U 4yecTulama y Ba3ayxy.

C 0063upoM ja ucnymwana cBe npeapuheHe ycinose, y ckiany ca [IpaBUIHHKOM O MOCTYNKY U
HauyMHY BpeJHOBama W KBAHTUTATHBHOM MCKa3MBakby HAyUHOUCTPA)XKMBAUKUX pe3yJiTara
MuHucTapcTBa MpocBeTe, Hayke M TEXHOJOUIKOr pa3Boja, carjlacaH caMm ca MOKpeTameM
nocTynka u npeanaxem peuzdbop ap [lpenpar Konapxk-a y 3Barbe BUIIM HAyYHU capaJHUK. 3a
cactraB Komucuje 3a peuzbop ap Ilpeapar Konapxk-a y 3Bame BHMIIM HAayuyHW CapajHUK
npejajiaxkeM KoJjere:

(1) np Hebojuia PomueBuh, HayuHu caBeTHUK, MHCTUTYT 3a (pu3uKy, YHUBEp3UTET Yy
beorpany.

(2) np bparucnaB MapuHkoBuh, HayuyHU caBeTHUK, MHCTUTYT 3a (Gu3MKY, YHUBEP3UTET y
beorpany.

(3) Hp 3opan Huxoauh, BaHpenHu npogecop Pusnukor dakynrera YHUBEp3UTETA Y
beorpany.
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np Heb6ojma PomueBuh

Hay4YHH CaBETHUK



Hayuna Ouorpaduja kanauaara

1. buorpadcku mogauu

[Tpenpar Konapx je pohen y beorpamy 19.11.1971. ronune rie je 3aBpiIio OCHOBHY IIKOJTY
u X1V rumuasznjy. ®usnuku paxynarer YHuBep3urera y beorpany, cMep npuMemeHa (pusuka,
yrucao je 1991/92. rogune, a cTyamje 3aBpUIMO Ha CTYAM]CKOj TPYyINU MpUMEHeHa (HU3UKa ca
poceyHo oreHoM 7.42. JIMTIIOMCKH pajx Mmoja Ha3uBOM: ,,IIpojekToBame, KOHCTYKLHja U
ucriutuBamke Y B pagunomerpa” je ypaauo u onopanuo 08.12.1998. rogune ca omernom 10 Ha
Ouznukom (Dakynrery YHuBep3utera y beorpamy Ha kateapu 3a Metposorujy, mon
pykoBojacTBOM npod. Ap Anekcanapa CramaTtoBuha.

Cnenujanmuctruke cryauje Ha Karepapu 3a merposorujy ymucao je 1999. rogune mon
MeHTOpCcTBOM Tipod. ap Anekcanapa CramartoBuha. OpbOpaHy CHEnUjaJUCTHYKE Te3€ IO
HaszuBoM “KanubOparuja u npumena mepauya ¥ B 3pauema” ogopanuo je 2000. ronuHe Ha HCTO]
KaTe/IpH.

Maructapcke cryauje Ha Karenpu 3a Metponorujy, ynucao je 2001. roguae Ha @U3HUKOM
¢dakyntery YuuBepsurera y beorpany. Marucrapcky te3y je ypanuo y MHcTHTYTY 32 pusuky
y JlaGoparopuju 3a aTOMCKYy U CcyO0aTtoMcKy (pu3uky moa MeHTopcTBOM mpod. ap Jlymana
Oununosuha. Marucrapcku paja o HazuBoM: “LIMmuHIpUYIHA AETEKTOP aTMOCEPCKHUX JOHA”,
je onopanuno 25.04.2005. ronuae Ha Ouznvkom dakynTeTy YHuBep3utTera y beorpany.

JIokTOpCKY Te3y Mo Ha3uBOM: ,,Kopenaiiyje KoHIIEHTpaIlije HAHOMETAapCKUX JOHA, paJloHa,
030Ha U aepocolia y Ba3lyxy, Kao pU3MUKUX apameTapa )KUBOTHE cpeliuHe” je Takohe ypaano
Ha MHcTuTyTY 32 Qusuky y 3emyny y Jlaboparopuju 3a aToMCKy U cybaToMcKy pu3uky. Teza
je ypabena mox pykoBoactBoM mnpod np Hymana ®dununosuha, penoBHOr mnpogecopa
@dusnukor Qaxynrera YHuBep3ureta y beorpany. Jlokropcky Te3y je ondopanuo 22.03.2010.
ronune Ha Katenpu 3a Metponorujy @usmukor daxynrera YHusep3uteta y beorpany.

[Ipeapar Komapx je 3amocinen Ha Muctutyty 3a ¢usuky ox 01. 09. 2001. ronune. Cse
BpeMe paaa Ha MHCTHTYTY 3a (PU3UKY j€ aHTaKOBaH HA MPOjeKTUMa OCHOBHUX UCTPAKUBAmbA.

VY nocnenmwux 5 rogune [Ipeapar Konapxk je 6no anrakoBan Ha cieaehum npojekruma:

e [Ipojekar ocHoBHUX ucTpakuBama OW 171020 (8 mMecenn) 4uju je pyKOBOIWIIAIL AP
bpatucna MapunkoBuh, HayuHu caBeTHHK HHcTuTyTa 3a ¢usuky. Ha oBom mpojexTy
BE3aHOM 3a HCTPAXUBAWKHE EJCKTPOH-aTOM-JOHCKMX UHTepakiuja Komapxx je Bpmmo
HCTpakKMBama JOHA U YecTHIla y obiacTu atMmocdepcke pusuke.

e UHWU npojexkar UNN45003 umju je pykoBomumiar aAp Hebojma PomueBuh, Hayuynu
caBeTHUK MHCTHTYTA 32 Qusuky. OBaj mpojeKaT ce OJHOCH HA Paj ca UCTHM aTMOC(HEPCKUM
napamMeTpuMa, ajau je Buie Oa3upaH Ha caM TEXHUYKHM pa3BOj Mepadya joHa U JOHCKOT
CIIEKTPOMETDA.

e V¥V 2020. roguau Komapx je ka0 pyKOBOAMIIAIl aHTa)KOBaH Ha MpojekTy ,,Continuous
inactivation and removal of SARS-CoV-2 in indoor air by ionization* duHaHHUpaHOM Of
ctpane ®oHIa 3a HAyKy IUKIyCcOM TMoja HazuBoM “‘CrelMjaJlHM TpOorpaM HCTPaKWBarba
COVID-19”.

2. IlperJien Hay4YHe AKTHBHOCTH

Hayuna aktuBnoctu [Ipenpara Konapx-a nmocne uzbopa y 3Bame “BUIIM HAYYHHU CapaTHUK
Ccy Omie TEeXHHMYKOI M HAy4yHOI Kapakrepa y oOmactu arMmocdepcke ¢usuke. TexHuuka



aKTUBHOCT C€ 3aCHHMBaJIa HAa Pa3BOjy MHCTPYMEHTA KOjU OCHUM Mepema KOHIICHTpAIHje joHa
Mepe U BbUXO0B CIIEKTap, Tj. BPILIE pa3Bajambe jOHA 10 BEIMYMHAMA U TOKPET/bUBOCTH. HayuHa
aKTUBHOCT C€ 3acHHMBaJla HAa MepemHMa M AaHAIM3H KOHICHTAIMja jOHA TOMEHYTHM
WHCTPYMEHTHMA, 3aTHM MEPEHEeM KOHIICHTpalHja paJioHa M aepocoyia y Ba3AyXy Kao U
MepemrMa YB 3padema Kao peJoBHE €KOJIOIIKE aKTUBHOCTH BE3aHE 3a YTHIIA] HA OMJBHU U
KUBOTUEGCKH CBET.

ATMmoc(hepck jOHM Cy HOCHMOLM TO3UTHUBHOT MJIM HETaTUBHOT  €JIEMEHTAapHOT
HaClIeKTPHUCamka, a CHUTHAT KOJH OHM TEHEPUINYy Ha eJIeKTPOJH aCTHpaIHpaIliHOHOT
KOHJICH3aTOpa U3HOCH y MPOCEKY HEKOJIMKO JeceTuHa Gemro-amnepa. [Iporec nojayaBama u
pa3aBajama CHTHaJa O]l IIyMa Kao W WHTEpIpeTaluja pe3yirara Cy CIOKeHH. Mepauu
KOHIICHTpAIIMje jOHa, KOHCTPYHCAaHH U MMPOU3BEICHH Kao Je0 HaydHoT paaa [Ipeapar Komapx-
a, 10 CBUM CBOJUM KapaKTepUCTHKAaMa CIaJlajy y caM BpPX CBETCKE HHCTPYMEHTAIHE TEXHHKE.
Haunn Bemama MepHE €JIeKTO/Ie je TAaTCHTUPaH Y 3aBOAY 3a HHTENICKTYaIHy cBojury Cpouje.
To je omoryhmuno OpojHa Mepema Be3aHa 3a HACTajalbe aTMOC(PEpPCKUX jOHA, HHUXOBY
eBOJYIM]y W HeyTpalucame. BpuieHa cy OpojHa Mepema joHa pa3IMYUTOr MOpEeKiIa ca
KOHIICHTpalnyjamMa pajoHa (jeaHor on HajBehmx y3podHHMKa TeHEepHucama joHa), aepocoJa,
METEOPOJIOIIKUX MTapameTapa u cii. [IpelioxkeH je MeTo 1 HHIUPEKTOT Mepera Op3uX MpoMeHa
KOHIICHTpAIIMje paJioHa Koja ce ca TUPEKTHUM MEpEeHhHMa HE MOYKE BHJICTH.

Jdomaha u mehynapoana capagma

TokoM wu3pajge MarucTapcke Te3e 3amoyera je capaima ca wianoBuMma [lapamen3syc
MeaunuHCKor ¢akynrera w3 Canulypra, MHcTUTyTa 32 (QU3HOIOTHjYy M MaTO(PU3HOIOTH]Y
(Paracelsus Medizinische  Privatuniversitit (PMU), Institut fiir Physiologie und
Pathophysiologie, Salzburg) na npojexTy mox Ha3uBoM "311paBCTBEHE UMILTUKAIU]E AJITICKUX
Bopomnana" (Health implications of alpine waterfalls, Austrian FFG-Knet Water Project number
223) nmox BohctBoMm Prof. Dr. Arnulf Josef Hartl-a. OBa capanma ce onBujasia y JeTmeM
nepuoay ox 2008. mo 2011. ronuHe W pe3yaTHpana ca HEKOJIMKO MyOJuKaiija o1 KOjux je
HajBakHHM]a 00jaB/b€HA y YACOMHUCY KOJU CE€ Y TOM TPEHYTKY BOJIMO Kao MpPBU y 00JacCTH
atmocdepcke pusuke (Atmospheric Chemistry and Physics). PamoBu Be3anu 3a oBy capaamy
ce Hana3p y cnucky Oo6jasmenu Hayunu padosu nioa o3HakoM: M21 (3), M23 (4), u M23 (7),

VY oxBupy bunarepannor npojexra ca Cinosenujom 3a 2012 u 2013. roguny noJ Ha3UBOM
PagoHcku nHAEKC y 6amama u criesneo tepaneyrckuM nenrpuma y Cnosenuju u Cpouju (MES
RS # 651-03-1251/2012-09/08) octBapeHa je capaama ca TpynoMm Jame Baynortuu wus
HNucturyra Joxed [lredan u3 Jbydspane. Bpiiena cy cumyntaHa Mepema pajoHa, TOpPOHa,
aepocosia U atMocdeckux joHa. Ha ocHOBYy oBe capaiewm 00ajaBJbeHHU Cy DPaJOBU ¥y
kareropujama M21 u M22.

VY okBupy COST/ESF mpojexra (FA0906: YB-b 3pauemwe: Crnenuduuan peryaatop pacta
Omibaka M KBAJIMTETa XpaHe Kpo3 mpoMeHy kinume) Komapx je kao gusugap xoju ce usmehy
ocrasior 0aBu MepewmeM YB 3pauema, y capaamu ca rpynom 6uonora Come BesmoBuh u3
WHcTuTyTa 32 MyNITHAUCHUIUIMHAPHA UCTPAaXHUBambha, paano Ha (PU3MUKOM aICIEKTy J€jCTBa
VB-b koMnoHeHTe 3pauera Ha OubHU cBeT. PesynTar yuentha Ha 0BOM POjEKTY j€ MOTIaBIbe
y MoHOTrpad)CKOj CTYIHjU HABEICHO Yy CIUCKY pajoBa. JoI jemaH of pe3yJiTaTa MpojeKTa je
ujeja O MPOjEeKTOBakY MOIyJa 33 ayTOMAaTCKy KOHTPOJY KIMME M HW3Jlaramke cagHula y



miacteHuiuMa Y B 3padewy. OBa ujeja je mpeTrovyeHa y Mmpojekar W YCIEIIHO peali30BaHa
Kkpo3 MHoBanmoHe npojexTe 3a npaBHa Jiniia MUHHCTapCTBa MPOCBETE, HAYKE U TEXHOIOUIKOT
pa3Boja moj HazuBoM "Moayn 3a ayTOMarcKy KOHTPOJIYy KJIMME M H3Jlarame CaJHUIA Y
wiacteHuuuMa YB 3pauemy - YB 3paueme 3a pact Ouspaka'. IlpojexaT ce 3acHMBao Ha
MPOU3BOIKU ypehaja 3a ayTOMAaTCKO M3JIarame CaJHHIA Yy MJIACTeHHUIIMMa cyH4YeBoM Y B-b
(290 - 320 nm) 3payemy y 3aBUCHOCTH O] BbUXOBE MOTpede J1a MHIYKY]y CUHTE3y 3allITUTHUX
TK3. YB-b ancopOyjyhux cyncranim, ¢praBoHOUAa y eMUASPMATHOM Cl10jy TKuBa. OCHM Tora,
VB 3pademe akTuBUpame (PUTOXOPMOHCKHM CUTHATHHUX IMyTeBa (CaTUIIMIHE U JaACMOHUYHE
kucennHe) moBehaBajy oTmopHocT Ousbaka Ha Oonect. M3nmarame ce BpIIM JTU3AEHEM
CTpaHMIIa TJIACTCHUKA WM KpoBa crrakieHnka. Ocum YB 3pauema, ypehaj 3axBasbyjyhu n1Ba
ceTa METEeO CEeH30pa BpIIM peryianujy TemrepaType, pejlaTUBHE BIKHOCTH U HUMa
6e30e1HOCHA OTpaHNYCHA 32 CITy4yajeBe MPejaKkor BeTpa WK HEBPEMEHa.

On 2011. mo 2014. rogune Ilpeapar Konapx je 6uo xomeHntop nap 3opaH Ryprys-y u3
Penybmuke Cprcke. Tema gokropcke nucepranmje Owna je “Mepeme U aHanmsa
KOHIICHTpAllMje paJloHa MMACUBHOM U aKTMBHOM METOJOM Ha moapydjy rpaaa bama Jlyke”. ¥
OKBHUPY M3pajie Te3€ BpIIEHA Cy MEpema pajioHa NaCUBHOM (4 BpCTE AETEKTOpa) U aKTUBHOM
METOJIOM (KOHTUHYAJTHUM JIETEKTOpMMa) y IIKOoJama y Tpajamy o 6 Mecelu A0 TOAUHY JaHa.
JlokTopat je onOpameH Ha [lpupoaHo Marnukom ¢akynteTy YHuBep3uteta y Kparyjesiry
2014. romune. Capaama je HacTaBJbEHA TE€ j€ jeJaH OJ MpojeKkara Ha KOME je KaHIuaaT
y4ecTBOBao (pMHaAHCHUpa 0] cTpaHe MuHHCcTapcTBa 3a HayKy Pemmy6nuke Cpricke o1 Ha3UBOM:
"Mjepeme TPEeHYTHOT CTama PaJHOaKTHBHOCTH 3eMJbE, BOJE M Ba3ayxa Ha mojapy4djy Hosor
I'pana®“. bpoj yrosopa: 19/6-020/961-101/15, HMuHcTuTyuMja HOCWIAI] HCTPAKUBaHbA:
VYuusepsutet y Uctounom CapajeBy, Caobpahajuu dakynrer 1060j, Boha npojekra: Ryprys
3opan. [Ipojekar je peanuzoBan Tokom 2016. rogHHUHE.

Konapx je takohe wiran Management Commity COST akuuje COST Action CA17136,
Action title: INDAIRPOLLNET (INDoor AIR POLLution NETwork). Ilouerak akmwuje
07/09/2018.



3. EleMeHTH 32 KBAJIUTATHBHY OLIEeHY HAYYHOT JONPHHOCA

3.1. Kpaaurer Hay4YHHX pe3yJarara
3.1.1. Hayuhu nugo u 3nauaj pezyimama

Hp Ipenpar Konapx je y cBOM 1ocaalib-eM HayqHOM pajly ayTop WIH KoayTop 26 pajaoBa
00jaBJbeHUX y HAyYHHM YacONMHCHMa MeljyHapoaHOT 3Haudaja, 1 ydecHUK Ha 40 momahux u
MehyHapoaaux koHgpepenuja. Ox Tora je jeaan paja o0jaBibeH y Mel)yHapoJHUM Yaconucuma
M3Yy3eTHUX BpeHOCTH Kateropuje M21A, 9 pagoBa 06jaBJbeHUX Yy BpXYHCKUM MelyyHapoHUM
gacormmcuma M21, 7 y Boaehmm dacomucuma kateropuje M22, 6 y wmehynapogHum
yacornmucuma kateropuje M23 um 3 pama o0jaBjbeHa y OCTaJIMM KaTeropHjaMa HaydHUX
yacomuca. Y Kareropuju 300pHUIM ca MehyHapogHUX CKymoBa KaHaumar mMa 4 paaa
kareropuje M33 u 24 panoBa kareropuje M34.

IleT Haj3HAYajHUjUX pasloBa KaHIHUIATA:

[1] Daily variations of indoor air-ion and radon concentrations,

P. M. Kolarz, D. M. Filipovi¢, and B. P. Marinkovi¢, ” Applied Radiation and Isotopes,
67(11) 2062 — 2067 (2009).

[2] Kolarz, P., Gaisberger, M., Madl, P., Hofmann, W., Ritter, M., Hartl, A.,

“Characterization of ions at Alpine waterfalls”,Atmospheric Chemistry and Physics 12(8),
3687-3697 (2012). ISSN: 1680-7316

[3] Kolarz, P., Miljkovié, B., Curguz, Z.,
“Air-ion counter and mobility spectrometer”,Nuclear Instruments and Methods B. 279 219-
222 (2012). ISSN: 0168-583X, doi:10.5194/acp-12-3687-2012.

[4] P. Kolarz, J. Vaupoti¢, 1. Kobal, P. Uji¢, Z. S. Zunié,
“Air ion and aerosol study in rural dwellings”, Journal of Aerosol Science 95, 118-134
(2016), doi:10.1016/.jaerosci.2016.02.002, ISSN: 0021-8502.

[5] Kolarz, P., Curguz, Z.,
“Air ions as indicators of short-term indoor radon variations”, Applied Radiation
and Isotopes. 99, 179185 (2015),doi:10.1016/j.apradis0.2015.03.001,ISSN: 0969-8043.

Hp Konapx je mpBu ayTop Ha CBUM HaBeJeHHMM pajgoBuMa. CBUX 5 pagoBa Cy BE3aHU 3a
u3ydaBame crenuuuHe o0sacT atMoc(epCcKHX jOoHa, CagpXKe je y HAclIoBYy U OHU Cy
neHTpaiHa tema pagosa. Ocum ap Komapixk-a, oBOM TeMOM ce He 6aBU HHUKO OJ KOayTopa, a
OHa je WHaue W3y3eTHO peTKa y Haynu yommTe. [TocToju cBera HEKOJIMKO Irpylia y CBETY Koje
Mepe KOHIIEHTpallje jOHa W BpIe BUXOBY aHanmu3y. To je mpe cBera 3aTo IITO je Cy caMu
WHCTPYMEHTH W3Y3€THO OCETJbUBH 300T M3Y3€THO MAaJIOT CTPYJHOT CHTHajia KOju Mepe (pen
BEJIMYMHE HEKOJWKO (eMmroamMiiepa) ma MpH MaJl0 TOBHUIICHO] BAXHOCTH Ba3ayxa JaKo
J0J1a3u 10 Lypema CTpyje Ha MOBpIIMHAMa yclea KOHACH3alWje M JAKHUX CHUTHAjIa U
carypayje. Y ciyuajy Komapika, npousBohau HHCTpyMeHaTa je U HHXOB KOPUCHHK, LITO j€
BEJIMKA MPEAHOCT MPU MaHMITYJIAIM]H Yy HECTaHIApJHUM ycioBuMa. To cBe ujae y mpujor aa
je np Konapk kiby4HU ¥ HajBaXXHUjU ayTOp HA HABEJICHUM paIoBUMA.



Pan mox Opojem [1] ce omHOCH Ha KOpeNalujy €KCXaylaluje pajoHa M TeHepucama joHa
BETOBUM pacnazoM. ExcriepumeHT je pal)eH y meTocnpaTHO] 3rpagdl y K0joj Cy CUMYJITaHO
MepeHe KOHIICHTpaluje joHa U pajgoHa. OBa Ba KOHCTUTYEHTa aTMocdepe ¢y ToceOHO Oun
KOpeJMcaHd HONy Kaja Joia3u 1O TeMmIlepaTypHe HHBEp3Hje M 3apolsbaBama pajoHa y
NPU3EMHOM clI0jy atMocgepe. Tume nonaszu 1o noBehama HeroBe KOHIEHTpalje, IMITO UMa
3a TOCJEeIUHY Haryio rnoBehame KOHIEHTpalMje joHa 003UpOM J1a je CBAaKU pPaHMOaKTHBHH
pacmaj raca paJoHa Be3aH 3a eMUTOBam-¢ anda uecTule koja renepuiie 10° joHCkUX maposa.

Pan mon 6pojem nBa [2] ce ogHOCH Ha KapaKTepH3allk]jy joHA KOje TeHEpHUINy BOAOIAIN U
BE€3aH j€ 3a YETBOPOTOJHUINAa MEpema KOHIeHTpamuje JIeHapIoBHUX joHA Ha aJICKUM
Bojomaguma y Ayctpuju. Mepewma cy Hajumie pahena Ha Bomomany Kpumi (450 m),
HajsumieM y EBpormn. ¥V pamy cy mpuka3aHa Memema U IpopadyHaTa BEJIWYHMHA jOHA Kao U
Bpeme xuBoTa.. Yaconnc ACP je y TpHyTKYy 00jaBibuBama, 2012. roguHe, 61o MpBU HA JIUCTH
y obnactu aTMocdepcke pu3nKe.

Pag mon Opojem [3] je Be3aH 3a OCMHUIIIbABAIE, NMPOU3BOKBY M MEpEHa Ca HAjHOBH]OM
TeHepalnjoM Mepadya KOHIEHTpalrje U crekTpomerpa armochepckux jona no umeny CDIS
(Cylindrical Detector of Air Ions).

Pan mon OGpojem [4] je Be3aH 3a cuMyliTaHa MEpEeHha PAIMOAKTUBHHUX €JIEMEHATa PaJioHa U
TOpPOHa Kao M aTMocepckux joHa kKyhama y pypanmHuMm obOmactuma jyxxkae Cpouje. Ocum
MMOMEHYTHX IapaMeTapa MepeHe Cy Be3aHe W clo0oaHe (pakiuje pajoHa W BpIIeHA je
KOpeJalroHa aHAIN3a CBUX TIOMEHYTHX €JIEMEHATa.

Paxg mox Opojem [5] je BesaH 3a Mepema aTMoc(epcKHX joHAa U pajioHa y 3aTBOPEHOM
npocropy. Llusb pana je 6uo na ce mokaxe Ja Cy joHH A00ap MHAMKATOpP (GUHHUX MPOMEHA
KOHIIGHTpalldja paJoHa y KpaTKUM BpPEMEHCKHM MWHTepBajiMMa, peaa cekyHau. Cama
KOHTHHYAaJIHa MEpea paJioHa Cy AyrOBpeMEHCKH Tpoliec y3uMajyhu y o03up a1a My je Bpeme
noiypacnazaa 3,8 naHa.

3.1.2. Ilapamempu keanrumema vaconuca

VY nocnenmwux S ronuna (ox 2015. 1o 2021.) y kareropuju M21 (BpxXyHcKku Mel)yHapoaHuH
4acomucH) KaHTUAAT je, y mocneamux net roauna (ox 2016. mo 2021.), o6jaBuo jenan pan:

1 pan y Journal of Aerosol Science (ND=2.278)

VY xareropuju M22 (uctakHyTH Mel)yHapoaHu yaconmuc) KaHAWIAT j€, Y TIOCIEIHbHUX MeT
roguHa (ox 2016. no 2021.), o6jaBuo 7 pagosa (2=14.9):

2 pana y Journal of Environmental Radioactivity (1®=2.344 u 2.483)
1 pan y Photochemical and Photobiological Science (N®D= 2.902)

1 pan 'y Turkish Journal of Agriculture and Forestry (M1®=1.434)

1 pan y Atmospheric and Solar-Terrestrial Physics (1®=1.492)

1 pan y Romanian Journal of Physics (UD=1.758)

1 pan y Applied Sciences (ND=2.474)



VY kareropuju M23 (MehyHapoaHu 4yaconuc) KaHAWIAT j€, Y TTOCICIBUX TEeT ToauHa (01
2016. mo 2021.), o6jaBuo 4 pana (3.689):

1 pan y Nuclear technology and radiation protection (M®=0.429)
1 pan y Journal of Physiological Anthropology (M 1®=0.452)
3 pana y Radiation Protection Dosimetry (M1®=0.936 x3=2.808)

VYkymnaH uMmakT ¢hakTop o] mocieamer u3dopa y 3pame je £=20.9.

VY mocnenwux 5 rommHa (ox 2016. mo 2021.), y kareropuju M33 caonwmere ca
MehyHapoOHoe cKyna wmamnawo y yeiuHu, KaHmaumat mMma 4 pama. Y kareropuju M34
(caomwumerve ca mehynapoonoe ckyna wmamnaio y u36o0y), KaHIuaaT je uMao 5 u3iarama
Ha KoH(epeHjama MmelynapoaHor 3Haudaja. Y kareropuju M63 (caomwmere ca cxyna
HAYUOHANHO2 3HAYAjA WIMAMNAHO Y YeluHu) KaHIUAAT je UMao 2 U3Jlarama M y KaTeropuju
M64 (caonwmerse ca ckyna HAYUOHANHOZ 3HAYAJA WIMAMNAHO Y U3600Y) KaHAUAT je umao |
u3Jarame.

3.1.3. Ilo3umuena yumupanocm Hay4Hux paooea

Ha man 30. HoBem6ap 2020. ronune, npema 6a3u nogaraka Google Scholar np Konapx nma
ykymHO 450 murata, nox og 2015. rogune uma 305 nurara. [Ipema oBoj 6a3u mojaTaka, lEToB
h paxrop je 11 1ok je i/0 pakrop 13.

3.1.4. Konkpemnu nayunu 0006punoc Kanouoama y peanuzayuju pe3yaimama

Jp Konapx je o modyeTka cBoje Hay4dHe AETaTHOCTH 3arocieH Ha IHCTUTYTY 3a QU3UKY Y
beorpany, rae ce y okBupy Jlaboparopuje 3a Gpu3uKy aTOMCKHX CYyJapHHUX NPOIeca U y OKBUPY
IlenTpa 3a YBPCTO CTak€ U HOBE MaTepHjajie MpUMapHO OaBU MEpeHHUMa KOHIICHTpAIlH]e JoHa
y atmocdepu. OH je jequHu ayTop MHCTpyMEHaTa KOju Mepe OBE KOHCTUTYEHTE aTMocdepe Te
J€ Y CBUIM paJloBUMa Be3aHUM 33 METOJIE MEpPEHa U MEPHE MOAaTKe aTMOC(PEPCKUX jOHA EeTOB
JONPUHOC TIPECyJaH M jJeAMHCTBEH IMOJjEIHAKO Y Ja JI CYy pajoBU paleHH Yy 3eMJbH WIH
MHOCTPAHCTBY.

Kana cy y nuramy panoBu Be3anu 3a Y B 3paueme Tpeda HannoMeHyTH Aa je aytop jour 2009.
roAMHE MyTeM Hal0aBKe KaluTalHe onpeMe MUHHUCTPCTBA 3a HayKy JOOMO MHCTPYMEHTE 3a
KOHTHHYaJTHO Mepeme CyHueBOr YB mHjekca kao u 3a jmabopartopujcka mepewma YB nena
crekTpa. 3axBajbyjyhu oBoMe, jennHa Mepema Y B nHIeKca CyHUEBOT 3paduea Cy BpIIeHa Y
NuctutyTy 3a (usuky a pe3yataTd Ccy o00jaBJbMBaHH Yy pPEaIHOM BpPEMEHY Ha CajTy
CIIEIMjaHJTHO HAIMpaBJHEHOM 3a OBa Mepema. [lomanm cy mayxu HU3 roauHa cianu y GAW
(Global Atomosphere Watch) m y WOUDC (World Ozone and Ultraviolet Radiation Data
Centre), a np Konapx je yuecTBoBao y OpojHUM MepemuMa 1 MPOjeKTUMa Be3aHUM 32 MEpema
U aHanu3y YB 3pauema.

PanoBu Be3aHu 3a Mammpame pagoHa Cy MOCIEAHIa Be3e pachazia pajoHa U TeHepucama
atMocdepckux joHa. [Ip Komapx je Ha uMe Tope NOMEHYTHX KalUTaIHUX MIpojekaTa 1001o u
KOHTHHYaJIHU Mepad KoHIeHTparuje pagona (RAD7, USA) kojum je Bpiro OpojHa Mepema,
y TIOUETKY Be3aHa 3a jOHa, a KACHU]€ U 3a Malupamke pagoHa.



3.2.2. AHra>koBaHoOCT y (popMupamy HAYYHUX KaPOBa
3.2.1 Ileoazowiku pao

On 2011. mo 2014. rogune Ilpenpar Komapxk je 6o komeHtop np 3opan Ryprys-y u3
Penybmuke Cprcke. Tema gokropcke nucepranmje Owna je “Mepeme U aHanmza
KOHIICHTpAllKje paJOHa MAaCUBHOM U aKTMBHOM METOJOM Ha moapydjy rpaaa bama Jlyke”. ¥
OKBHpPY U3paJie T€3€ BpIIEHA CYy MEpPEHa pajioHa MacUBHOM (4 BpPCTE AETEKTOPA) U aKTUBHOM
METOAOM (KOHTHHYAJTHUM JIETEKTOpUMa) y IIKOJaMa y Tpajamy o1l 6 Mecelu 10 TOJUHY JaHa.
JlokTopat je omOpameH Ha [lpupoaHo mMarmukoMm ¢akynteTy YHuBep3uteta y Kparyjesiry
2014. ronune. buxoBa capanma ce OCUM y KOMEHTOPCTBY orjiefana u y ydemrhy y OpojHUM
3ajeIHMYKUM TIPOjEKTHMA Kao M y 3ajeJHUYKHAM PaJOBHMa IITO CE€ BUAM Y JUCTU 00jaBIbEHUX
paziosa.

3.3. Hopmupame 0poja KoayTOPCKHX Pa0oBa, NATEHATa U TEXHNYMX peliemha

Csu panosu ap Konapika cy ekcriepuMeHTalIHE IPUPO/IE, IITO YECTO MOpa3zyMeBa capaimby
BuIIe uHcTUTyIMja. Mmajyhu To y Buay, 6poj koayropa Ha 1ojeIMHUM pajioBuMa je Behu ox 7
1 HOpMHpameM 00/10Ba THX paZoBa y ckiany ca IlpaBumHukoM MuHucTapcTBa O MOCTYIIKY,
HAYMHY BpEJHOBAaHkAa M KBAaHTHUTATHBHOM HCKa3MBalby HAyYHOUCTPAXKUBAUKHUX pe3yliTaTa
yKymnaH HopMmupanu 0poj M pamoBa O6aBe3nu 2 u3HocH 38,3 o1 HEHOpMHUpPaHHUX 62, TOK 3a
kiacy O6aBe3nn 1 n3nocu 62.3 o1 HEeHOpMHUPAHKX 86.

3.4. PykoBoheme npojekTnMa, NOTNPOjeKTUMA U NPOjeKTHUM 3aaliuMa

Hp Ipenpar Konapx yuecTByje Ha mpojeKTMMa MHUHUCTapCTBa MPOCBETE U HAyKe Kao U Ha
MehyHapogHuM mpojekTuma. PykoBommo je Ha Behem Opojy MHOBAaLMOHUX IpojeKaTa 3a
¢u3nuka 1 nmpaHa auna a 'y 2020. roquHu je pykoBoauial npojexta CrienujaiaHor nporpama
ucrpaxnBamwa COVID-19.

o (2020-) mpojexktHu nukiayc PoHaa 3a HayKy moja HazuBoM “‘CrienujalHu Mporpam
uctpaxkuBaa COVID-19” je omobpumo 3a ¢uHancupame mnpojekat tuma idCOVID mop
HazuBoM ,,Continuous inactivation and removal of SARS-CoV-2 in indoor air by ionization*

o (2017-2018) HuoBammonu mpojekar 3a ¢u3nMuKka JIula (UHAHCHpPAH Off CTpaHe

MuHHCTapcTBa IPOCBETE M HayKe 1Mo HasuBoM: “‘Pa3Boj nuuHor no3umerpa 3a ¥YB-b 3pademe
“, (Boha mpojexTa).

o (2014-2015) HuoBammonu mpojekaT 3a (¢u3Muka Jula (GUHAHCHpAH OJ CTpaHE
MuHucTapcTBa IPOCBETE U HAyKe MO Ha3UBOM: “‘Pa3B0j jOHCKOT CIEKTpOMeTpa Ha MPUHIIUAITY
I'epnujanoBor koHAeH3aTOpa”, (Boha mpojexra).

o (2014-2015) HuomanmoHu mpojekaT 3a TpaBHA Jula (UHAHCHPAH OJf CTpaHE
MuHHCTapCTBa IPOCBETE M HAyKe MOJ Ha3uBOM: “MOyI 3a ayTOMaTcKy KOHTPOJIY KIMME U
u3Jarame CajJHuIa y IuiacteHunuMa YB 3pauemy - VB 3paueme 3a pact Ouspaka”, (Boha
MIPOjeKTa).

o  (2014-2015) mpojekat nenaauaux opranm3zaiuja (NGO GRES, Belgrade) 3a mepeme

VB 3padema M 030Ha Mo uUMeEHYy ,,O30HM3anMja™ ¢uuancupan ox crpane UNEP kpo3
MuHuCTapCTBO €HEPTHje, pa3Boja u )KUBOTHE cpeaune Penyonuke CpOuje, (Boha mpojexra).

3.5. AKTHBHOCT Y HAYYHHMM U HAYYHO-CTPYYHUM JAPYIITBHMA U OCTAJIU OKA3aTebU



ycrnexa y HAay4YHOM pajay

Kanannar je peniensupao putie o 20 pagoBa 3a npeko 17 yacomuca u pajuo je 2 pereH3uje
Ha eBpoIcKHM npojektnMa. Takohe je 6mo oprarmsatop 41 ECE (Electro Chemical Etching)
Workshop-a: Status of work related to radon in Serbia: ongoing projects, international
collaboration and plans, 31 October — 1 November 2011, Kragujevac, Serbia, xao u unan
opranuzaionor komutera koupepenuuje SPIG (Symposium and Summer School on Physics
of Ionized Gases) 2006. ronune onpxkanor Ha KomaoHuky.

Aytopcku pag kanauaara [{unmuaapuanu gerexropa jona (CDI) je ocBojuo apyro Mecto Ha
cajmy TexHuke u TeXHHUKUX qocTurayha y 2014. ronunm.

3.5. YTunaj HayyHux pesyJrara

VYTHaj HaydHUX pe3yiTara KaHIuaara je MpuKas3aH JAeTaJbHO y OKBHpY cekuuje 3.1.
OBOT JIOKYMEHTA.

3.6. KonkpeTaH 10NpHHOC KAHAUAATA y peajiM3aliju PagoBa y HAYYHUM LEHTPUMA y
3eM/bH H HHOCTPAHCTBY

Hp [penpar Konapx je 3Ha4ajHO JOMPUHEO CBAKOM paay Ha KOME j€ aKTHBHO Y4ECTBOBAO.
HberoB mompuHOC ce oriiea y camMoCTaaTHOM E€KCIEPUMEHTATHOM paay, o0paau J00HjeHUX
pe3yiaTara Kao M aHanu3M 1o0ujeHnx nojaraka. [Tomro je ped o ekcriepuMeHTanHoj hu3niy,
MOCTaBJbakhbe U M3BOhCHE EKCIIEPUMEHTa Ipe/CTaB/ba 3HAuajaH Je0 KaHAMJATOBE HaydHE
aKTUBHOCTH, y INTa CIaJa u3paja M INpUIpeMa MEpPHUX HHCTpyMEHara, OpraHu3aluja
eKCIIepUMeHaTa, ajli U o0paja pe3yiarara Mepema y3 Kopuinheme 0roapajyhux Teopujckux
mojena. [lojennnauna objammemha JOMPUHOCA Cy Ja Ta Y moriasiby 3.1.4.

3.7. Octaymm noka3aTre/bu ycrnexa y HAay4HOM paay

3.7.1. YnancrBa y ypehuBaukum oadopmma 4vaconuca, ypehusame mMoHorpaduja,
penieH3Hje HAyYHHUX PaioBa M NpojeKaTa

Kanaunar je peniensent y waconucuma: Measurement, Environment International, Nuclear
Science and Technique, Nuclear Technology & Radiation Protection, Environmental Science
and Pollution Research, Air Quality, Atmosphere and Health, Earth and space science,
Journal of Environmental Radioactivity, Boreal Environment Research, Scientia Iranica,
Environmental Engineering and Management Journal, Optoelectronics and Advanced
Materials, Radiation Protection Dosimetry...

Taxohe 6uo je u penensent (2 myra) 3a npezsore npojekara y National Research,
Development and Innovation Office (NRDI Office, Hungary)

4. EneMeHTH 32 KBAHTUTATHBHY OlleHY HAYYHOT JIONIPUHOCA KAHIMIATa



Osnaka rpyne | bpoj pagoBa | bpoj 0omoBa mno | Ykynan  Opoj | Ykynan Opoj
pany O0onoBa HOPMHPAHHX
O0onoBa

M21 1 8 8 6.67
M22 7 5 35 28.1
M23 5 3 15 9.23
M33 4 1 4 3.71
M34 4 0.5 2 1.78
Me63 2 1 2 2
Mo4 1 0.2 0.2 0.1
M92 2 12 24 24
YxynHo (O6aBe3nn 1/ O6aBe3nn 2) 90.2/66.2 75.6/51.9

4.2. Ilopeheme ca MUHMMAJIHUM KBAHTUTATHBHUM YCJI0BHMA 3a M300p y 3Bame
BUIIIM HAYYHU CAPaJHUK

Munumannu 6poj M 6oxoBa OctBapeno/Hopmupano

M10+M20+M31+M32+M33+M41+M4 | 49 90.2/ 75.6

Obavezni (1) 2+M90

Obavezni (2) MI11+M12+M21+M22+ M23 30 66.2/ 51.9




Cnucak pagoBa u ocTaIuX NyOJTUKANMja KAHAUAATA, PAa3BPCTAHUX M0 Baxkehum
KaTeropujaMa NponucaHuX NPaBUIHUKOM

* - panoBu o0jaBJbeHH MOCIe n300pa y 3Bame Buim HaydHu capagHuk

M10 Monorpaguje, moHorpadgcke cTyauje, TeMaTCKH 300pHUIH, JeKCUKOrpadgcke u
KaTorpagcke myodukanuje mel)ynapogsor 3nauaja

M13 Monorpadcka cryauja/noriaas/be y Kibu3u M11uiam pag y TeMaTckoM 300pHUKY
Boaeher mel)ynapoanor 3navaja (6 nmoena)

Lars Olof Bjorn, Andy McLeod, Pedro J. Aphalo, Andreas Albert, Anders
V. Lindfors, Anu Heikkild, Predrag Kolarz, Lasse Ylianttila, Gaetano Zipoli, Daniele Grifoni,
PirjoHuovinen, Ivan Gémez, Félix Lopez Figueroa,

“Quantifying UV radiation”

Section 3 in COST Action FA0906 UV4growth Monograph: “Beyond the visible: A
handbook of best practice in plant UV photobiology”, Aphalo, P. J.; Albert, A.; Bjorn, L. O.;
McLeod, A.; Robson, T. M.; Rosenqvist, E. (eds.) 2012.

(Helsinki: University of Helsinki, Division of Plant Biology) pp.71-117.

ISBN 978-952-10-8362-4 (Paperback), 978-952-10-8363-1 (PDF). xxx + 176 pp.

M20 PanoBu 00jaB/beHN Yy HAYYHHM YaconucuMa Mel)yHapoaHor 3Ha4yaja
M21 Pao y spxynckom melynapoonom uaconucy (8 noena)

*[1] P. Kolarz, J. Vaupoti¢, 1. Kobal, P. Uji¢, Z. S. Zuni¢,
“Air ion and aerosol study in rural dwellings”,

Journal of Aerosol Science 95, 118-134 (2016)
doi:10.1016/j.jaerosci.2016.02.002, ISSN: 0021-8502,

[2] Curguz, Z., Stojanovska, Z., Zunié, Z.S., Kolarz, P., Ischikawa, T., Omori, Y., Mishra,
R., Sapra, B.K., Vaupotic, J., Uji¢ P., Bossew P.,

“Long-term measurements of radon, thoron and their airborne progeny in 25 schools in
Republic of Srpska*

Journal of Environmental Radioactivity, 148, 163—-169 (2015)

doi:10.1016/j.jenvrad.2015.06.026)

[3] Kolarz, P., Curguz, Z.,

“Air ions as indicators of short-term indoor radon variations”,
Applied Radiation and Isotopes. 99, 179-185 (2015).
doi:10.1016/j.apradiso.2015.03.001

ISSN: 0969-8043

[4] Kolarz, P., Gaisberger, M., Madl, P., Hofmann, W, Ritter, M., Hartl, A.,
“Characterization of ions at Alpine waterfalls”,

Atmospheric Chemistry and Physics 12(8), 3687-3697 (2012).
doi:10.5194/acp-12-3687-2012



ISSN: 1680-7316

[5] Kolarz, P., Miljkovié, B., Curguz, Z.,

“Air-ion counter and mobility spectrometer”,
Nuclear Instruments and Methods B. 279 219-222 (2012).
ISSN: 0168-583X

[6] Daily variations of indoor air-ion and radon concentrations,
P. M. Kolarz, D. M. Filipovi¢, and B. P. Marinkovi¢, ”Applied Radiation and Isotopes,
67(11) 2062 — 2067 (2009).

[7] Guiding of low-energy electrons by highly ordered Al>O3 nanocapillaries,

A.R. Milosavljevi¢, Gy. Vikor, Z. Pesi¢, P. M. Kolarz, D. Sevi¢, B. P. Marinkovié, S.
Matefi-Tempfli, M. Matefi-Tempfli, and L. Piraux,

Physics Review A 75 030901 (R) Rapid Communications (2007).

doi: 10.1103/PhysRevA.75.030901.

[8] Kolarz P., Marinkovi¢, B.P. and Filipovi¢, D.M.,

Zeroing and testing units developed for Gerdien atmospheric ion detectors,
Review of Scientific Instruments 76, p.p. 046107-9, 2005.
doi:10.1063/1.1891444

ISSN 0034-6748

M22 Pan y ucrakuyrom mel)ynapognom yaconucy (5 moena)

*[1] M. Davidovi¢, M. Davidovié, R. Jovanovi¢, P. Kolarz, M. Jovasevi¢-Stojanovié, Z.
Ristovski, “Modeling Indoor Particulate Matter and Small Ion Concentration Relationship—
A Comparison of a Balance Equation Approach and Data Driven Approach”, Applied
Science 10, 5939 (2020) [18pp],

doi: 10.3390/app10175939, ISSN: 2076-3417.

*[2] Z. Stojanovska, B. Boev, Z. S.Zunic, K. Ivanova, A. Sorsa, 1. Boev, Z. Curguz,
and P. Kolarz, “Factors Affecting Indoor Radon Variations: A Case Study in Schools of
Eastern Macedonia” Romanian Journal of Phyics. 64(1-2) 801 (2019) [8 pp], ISSN: 1221-
146X.

*[3] L. Ili¢, M. Kuzmanoski, P. Kolarz, A. Nina, V. Sre¢kovié, 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 20157,

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

doi: 10.1016/j.jastp.2017.10.001, ISSN: 1364-6826.

*[4] B. Zivanovi¢, M.Vidovi¢, S. Mili¢-Komic, Lj. Jovanovi¢, P. Kolarz, F. Morina, S.
Veljovi¢ Jovanovic,

“Contents of phenolics and carotenoids in tomato grown under polytunnels with different
UV-transmission rates”, Turkish Journal of Agriculture and Forestry 41, 113-120 (2017),

DOI: 10.3906/tar-1612-56, ISSN: 1300-011x




*[5] P. Kolarz, J. Vaupotic¢, 1. Kobal, P. Uji¢, Z. Stojanovska, and S.Z. Zunié, “Thoron,
radon and air ions spatial distribution in indoor air”, Journal of
Environmental Radioactivity 173, 70-73 (2017),

DOI: 10.1016/j.jenvrad.2016.11.006, ISSN: 0265-931X.

*[6] A.W. Schmalwieser, J. Grobner, B. Klotz, M. Blumthaler, H. De Backer, D. Bolsee, R.
Werner, D. Tomsic, L. Metelka, P. Eriksen, N. Jepsen, M. Aun, A. Heikkild, T. Duprat, H.
Sandmann, T. Weiss, A. Bais, Z. Toth, A. M. Siani, L. Vaccaro, H. Diemoz, G. Lorenzetto, D.
Grifoni, G. Zipoli, B. Petkov, A. G. di Sarra, F. Massen, C. Yousif, A. Aculinin, P. den Outer,
T. Svendby, A. Dahlback, B.J.Johnsen, J. Biszczuk-Jakubowska , J. W. Krzyscin, D.
Henriques, Na. Chubarova, P. Kolarz, Z. Mijatovic, A. Pribullova, D. Groselj, J. Bilbao, J. R.
M. Gonzalez, J. M. V. Guerrero , A.Serrano, S. Andersson, L. Vuilleumier, A. Webb, J. B
O'Hagan

“UV Index monitoring in Europe”,

Photochem. Photobiol. Sci., 16, 1349-1370 (2017).

http://dx.doi.org/10.1039/C7PP0O0178A.

*[7] A. Awhida, P. Uji¢, 1. Vukanac, M. Purasevi¢, A. Kandi¢, 1. Celikovi¢, B. Lonéar,
and P. Kolarz,

“Novel method of measurement of radon exhalation from building materials”, Journal of
Environmental Radioactivity, 164, 337-343 (2016).

doi: 10.1016/j.jenvrad.2016.08.009, ISSN: 0265-931X, 2015

M23 Pao y melhjynapoonom uaconucy (3 noena)

*[1] Z. Curguz, G. Venoso, Z. S. Zunié¢, D. Mirjanié¢, M. Ampollini, C. Carpentieri, C. Di
Carlo, M Caprio, D. Alavanti¢, P. Kolarz, Z. Stojanovska, S. Antignani,
F. Bochicchio,“Spatial Variability of Indoor Radon Concentration in Schools: Implications on
Radon Measurement Protocols”,

Radiation Protection Dosimetry, ncaal37, (2020) Published: 31 October 2020,

doi: 10.1093/rpd/ncaal37, ISSN: 0144-8420

*[2] Z. SZuni¢, R. Mishra, I Celikovi¢, Z. Stojanovska, 1.V Yarmoshenko,
G. Malinovsky, N. Veselinovi¢, Lj. Gulan, Z.
Curguz, J. Vaupotic, P.Ujic, P. Kolarz, G. Mili¢, T. Kovacs, B. K Sapra,
N. Kavasi, S. K Sahoo, “Effective Doses Estimated from the Results of Direct Radon and
Thoron Progeny Sensors (DRPS/DTPS), Exposed in Selected Regions of Balkans”,

Radiation Protection Dosimetry, 185(3) 387-390 (2019) [4pp],

doi: 10.1093/rpd/ncz025

*[3] A. Awhida, P Uji¢, G Panteli¢, P Kolarz, I Celikovi¢, M Zivanovi¢, A Jani¢ijevi¢, B
Loncar, Ad-hoc intercomparison of four different radon exhalation measurement methods,

Radiation Protection Dosimetry, Volume 178, Issue 2, January 2018, Pages 138-142,
https://doi.org/10.1093/rpd/ncx096



*[4] C. Grafetstaetter, M. Gaisberger, J. Prossegger, M. Ritter, P. Kolarz, C. Pichler, J.
Thalhamer, and A. Hartl,“Does waterfall aerosol influence mucosal immunity and chronic
stress? A randomized controlled clinical trial”,

Journal of Physiological Anthropology 36, 10 (2017) [12pp],

DOI: 10.1186/s40101-016-0117-3, ISSN: 1880-6805

*[5] Z. Stojanovska, K. Ivanova, P. Bossew, B. Boev, Z. S. Zunié, M. Tsenova, Z.
Curguz, P. Kolarz, M. Zdravkovska, M. Ristova, “Prediction of long-term indoor radon
concentration based on short-term measurements”,

Nuclear technology and radiation protection 32, 77-84 (2017), ISSN: 1451-3994

doi: 10.2298/NTRP1701077S

[6] Curguz, Z., Zunié, Z. S., Tollefsen, T., Jovanovi¢, P., Nikezi¢, D., Kolarz, P.,

“Active and Passive Radon Concentration Measurements and First-Step Mapping in
Schools of Banja Luka, Republic of Srpska”,

Romanian Journal of Physics 58 (Number Suppl), S90-S98 (2013).

ISSN: 1221-146

[7] Gaisberger, M., Sanovié, R., Dobias, H., Kolarz, P.,Moder, A., Thalhamer, J.,
Selimovi¢, A., Huttegger, 1., Ritter, M., Hartl, A.,

“Effects of lonized Waterfall Aerosol on Pediatric Allergic Asthma”,

Journal of Asthma 49 (8) 830-838 (2012).

ISSN: 0277-0903 print / 1532-4303 online

M30 30opHunu Me)yHAPOIHUX HAYYHHUX CKYIIOBA
M32 IIpeoasarse no nozugy ca meljynapoonoz cKyna wimamnano y u3eooy

[1] A. R. Milosavljevié, J. Jureta, Gy. Vikor, Z. D. Pesi¢, P. Kolarz, D. Sevi¢, S. Matéfi-
Tempfli, M. Matéfi-Tempfli, L. Piraux and B. P. Marinkovi¢,

Guiding of low-energy electrons through insulating nanocapillaries,

Proc. 1°" annual conference on Electron Controlled Chemical Lithography (ECCL), COST
Action CM0601, 12-16. 03. 2008, Lisbon, Portugal, Eds. O. Ing6lfsson and P. Limao-Vieira,
Invited talk, p.23.

M33 Caonwmerse ca meljynapoonoz ckyna wimamnano y ueaunu

*[1] A. Awhida, P. Uji¢, P. Kolarz, 1. Celikovié, M. Miling&ié, A. Longar, and B. Lon&ar,
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Abstract

Concentration and size distribution of airborne particles (size range 10—1100 nm), using a
SMPS+C Scanning Mobility Particle Sizer, and concentrations of positive and negative cluster
ions (size range 0.36—1.6 nm), using several CDI-06 Gerdien-type integral air ion detectors,
have been monitored in three rooms in rural dwellings of Serbia and Slovenia, during periods
when nobody was present in the room and while smoking and heating were taking place. The
highest particle generation rate was 2.4x10" min™' while cigarette smoking was taking place
and was 1.5x10™ min™' during heating with a cast iron stove with wood burning at 150 °C, and
1.1x10" min™", during heating with an Alpine-type oven at 40—50 °C. The related particle loss
rate constants were 0.0603 min~', 0.0442 min', and 0.0067 min', respectively. The estimated
mean values of the effective ion attachment rate Perr vary between (2.2-5.4)10° cm®™'. A
correlation between ions concentration and particles concentration and their sizes has been
sought, and findings are discussed and shown.

1. Introduction

Particulate matter is classified by size (Morawska et al., 2004; Tammet and Kulmala, 2005) as:
coarse particles with an aerodynamic diameter between 2.5 um and 10 um, and fine particles
between 0.1 um and 2.5 um. Ultrafine particles include all particles with aerodynamic diameter
of under 0.1 um. Parts of ultrafine particles size range are defined as Aitken nuclei (20-90 nm),
nano-particles (under 50 nm) and particles in the range from 3 to 20 nm referred as the
“nucleation mode”, also called the ultrafine mode (Tammet and Kulmala, 2005).

Many studies have been carried out on aerosol growth and generation dynamics in urban
environments due to a growing concern about human health (Oberdorster, et al., 2005; Heal et
al., 2012; Kumar, et al., 2014; WHO, 2013). Epidemiologic studies suggest that toxicity of
inhaled particles is not related due only to their mass, but mostly to their number concentration
and surface area (Wichmann and Peters, 2000; Oberdorster, et al., 2005; Nel et al., 2006; Murr
and Garza, 2009). With regard to indoor air, the extent of change in number concentration and
size distribution of particles is strongly dependent on the type of house heating. In a rural or
suburban indoor environment, where almost no traffic or industry is present, the main source of
artificially created ultrafine particles are human activities such as fossil fuel burning, cooking
(mainly from heating of hot plate) and cigarette smoke (Wallace, 2000; Afshari et al., 2005;
Morawska et al., 2003; Hussein et al, 2005; Wallace, 2006).

As has been mentioned, indoor activities such as the use of wood and coal for heating and
cooking, candle burning and smoking create great amounts of ultrafine particles. If the
combustion of carbon is complete then the only products are CO, and water. Incomplete
combustion produces particulate matter and different gasses. Most combustion particles in
terms of number concentration and size are in the ultrafine range, while mass concentration is
in the sub-micrometre range. Other sources of ultrafine particles are gas-to-particle conversion,
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nucleation and a photochemical process emitted directly from source (primary emission) or a
secondary aerosol formation from gaseous precursors (nucleation mode).

It has been shown (Matson, 2005; Hussein et al., 2005; 2006) that when there is no particle
source indoors, most indoor particles are of outdoor origin, brought in by air penetration, the
indoor/outdoor concentration ratio being 0.5—0.8 and rarely exceeding 1. Indoor concentration
is a result of three main contributions: penetration of outdoor particles, indoor production by
human activity, and deposition. These processes are described by the equation (Koutrakis et al.,
1992; Chen et al., 2000; He et al., 2004; Wallace et al., 2004, Hussein et al., 2005)

dNig i S
Tt = PA, NG — (A + AN+ 2 @
with:

N", N2 —indoor and outdoor total particle number concentrations, cm >

P — outdoor — indoor particle penetration coefficient

M — rate constant of air-exchange, h™'

Ag— rate constant of particle deposition, h™*

Q, — rate constant of particle generation of an indoor source, h™'
V — room volume, cm?®,

Its solution (Wallace et al., 2004)
PAy NOUt Qs

Nin —
tot AvtAg  VOw+Ag)

(1 — e~ Av+Ralt) (@)

shows particle number concentration indoors at any time, as a result of the processes
mentioned above. Coagulation and condensation are not comprised. Because P (Hussein et al.,
2005;Wallace, 2006), A, (Matson, 2005; Hussein et al., 2005; 2006) and A4 (Hussein et al.,
2006) are size-specific, their values in the above general form of Eq. 2 are considered as
averages for all particles sizes.

Before the human activity starts to produce indoor particle at time t = 0 (and Qs = 0), Nt‘(’jt(o)

was equal to the first term on the right side of Eq. 2, and is considered as the baseline or
background level of Nt prior to an event caused by human activity. Because the outdoor
particle concentration do not appear in the expressions hereafter, upper indices ‘in’ and ‘out’ at
Nyt are omitted. With particle generation started, AN(t) = Niot(t) — Niot(0) begins to grow and
reaches its maximum value AN(tm) at time t = ty, after the indoor particle source is stopped.
ANiot(t) decay follows. Thus, AN(tm) shows the maximum increase in particle number
concentration during an event caused by human activity. Assuming that N(0) is constant
during a short human activity event, Eq. 2 can be used to calculate the source generation rate:

Qs = ANt (D) % . (3)
Result for ANt(tm) at t = ty gives the average particle generation rate Qs. If Qs is multiplied by
tm (duration of particle generation), total number of particles emitted during an activated source
IS obtained.

The (A, + Ag) sum can be obtained from the exponential decay of Ni(t) with time, starting soon
after ANt(tm) (Wallace et al., 2004; Hussein et al., 2005), by using the relation:

In ANtot(t) = In ANiot(tms) = (Av + Aa) £, t> tu, (4)

in which ANgy(tm+) IS a value at a point after the maximum, where exponential form of the
AN(t) curve decay appears.

Cluster air ion generation depends primarily on indoor radon concentration which is related to
local geology and floor insulation (UNSCEAR, 2000). He and Hopke (1996) showed that
nucleation rates increase substantially with increasing radon at low activity concentrations.
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Unlike homogenous nucleation, ion-induced nucleation involves additional electrostatic
interactions between vapour phase molecules and ions. The negative electrostatic energy helps
to form stable ion clusters (pre-nucleation embryos) and lower the free energy barrier for
nucleation. Both radon (?*Rn) and thoron (*°Rn) are o emitters with similar energies 5.49
MeV (Rn) and 6.29 MeV (Tn) and the majority (almost 50%) of their radioactive descendants
are also a emitters. Alpha particles, originated from radon and aerosol-carried radon progenies,
are powerful air ionizers (average ionization energy of air is 34 eV/ion pair) and thus being the
main source of air ion pair production in troposphere. The near-ground ionization rate caused
by background ionization (cosmic radiation, natural radioactivity of soil and gasses) of 10 ion
pairs cm s is considered as a standard reference in continental areas (Chalmers, 1967).
lons in the air are divided by size into small (cluster), intermediate and large ions. From
atmospheric electricity point, most important class are small ions with size diameter <1.6 nm
with peak concentration <1 nm. The small ions are typically charged clusters with electric
mobilities of 1-2 cm? V' s ' and size of 0.6-1 nm (Tammet and Kulmala, 2005), and are also
called cluster ions. Concentration of cluster air ions (n®) is determined by the balance equation:
dn” + o7

Tt g—oan n"—n BN (5)
where q is the volumetric production rate, N is the aerosol number concentration, o coefficient
of ion-to-ion recombination, and P is the effective ion-to-aerosol particle attachment
coefficient, which is the integral over the size distribution of aerosol particles. Typical ratio of
positive and negative small air ion concentrations (n*/n") in clean air is near to 1.12 (Hdrrak,
2001). Concentration of cluster air ions is inversely proportional to the aerosol concentration.
The solution of the differential equation (5) is given by the following equation:

1
—Betr+ [—BagN2—4aq tan[§<kJ—B§ffN2 —4“q—tJ—B§ffN2 —40“1)]

n(t) = » (6)
or in equilibrium dn/dt=0:
q-— an® — BeffNeotn = 0 (7)

where K is a constant defined by the Cauchy boundary condition, and it was assumed that n"=n"
which does not change the qualitative conclusion about the ion’s behaviour.

The solution of the equation (5), when the usual intervals of values of parameters are used,
shows direct reciprocity to the coefficient of the attachment rate. If the equation (5) is valid for
the description of the ion’s behaviour, then the only parameter of this equation which could
make difference between the concentrations of the positive and the negative ions is the
coefficient of the attachment rate (Besr). Thus, the ratio of the positive and the negative ion
concentration is directly proportional to the ratio between attachment rate of the positive and

the negative ions (n"/n"~ B*/p7) B:ff/B;ff. In fact, the attachment rate coefficient depends on the
aerosol size and it is different for different polarity of the ions, if they are physically different
(Hoppel and Frick, 1986), which is, in principle, a correct assumption. If the air ion
concentration of both polarities is completely described by equation (5), all the other
parameters are identical to this. The response of the equation (6) is very quick, so the local
equilibrium is established in several seconds.

In highly polluted indoor air, cluster ions play important role in aerosol growth, but also sink
due to deposition on electrostatic surfaces. Also, cluster ions evolve into nano-particles and
accumulate in the ultrafine size range (Yu and Turco, 2000).

In this work, studies of the behaviour of aerosol particles and small positive and negative
cluster ions in a rural dwelling have been carried out under different conditions: (i) when



nobody was present in the room and (ii) during smoking and heating, human activities
producing significant amounts of nanoparticles (Hussein et al., 2006; Wallace and Ott, 2011,
Hosgood et al., 2012; Kumar et al., 2013). Concentrations of particles and ions were monitored
and particle size distribution measured. One of our aims was also to evaluate interrelations of
the measured quantities. Both particle generation and loss rates were determined, in order to
quantify indoor particle sources and assess the exposure of residents during these activities.

2. Experimental

2.1. Experimental rooms

The experiments were carried out in three rooms (Table 1) of the dwellings included in the
national radon surveys in Slovenia (Vaupoti¢ et al., 2013) and Serbia (Mishra et al., 2014). The
rooms were selected on the basis of their radon and thoron levels. Thus, in guest Room-1 and
living Room-2 (Trubarevac, and Resnik, respectively, Southern Serbia), both levels were low,
with Tn level exceeding that of Rn (Table 1). In guest Room-3 (Rakitna, Slovenia), Rn levels
were among the highest found in dwellings in the country, and substantially higher than Tn
levels (Table 1). In contrast to a living room, which is the most occupied place in the house, a
guest room is used only occasionally when relatives and friends gather to celebrate family
festivals. All the dwellings were located in rural areas of a very low traffic, with only several
cars and light agricultural equipment passing by a day.

2.2. Measuring instruments

An SMPS+C Scanning Mobility Particle Sizer was used, comprising a Condensation Particle
Counter and a medium DMA unit (denoted as SMPS) (Grimm, Germany), to measure the
number concentration and number size distribution of the aerosol particles in the size range of
10-1100 nm; analysis scanning frequency was once every 7 minutes. The following output
data are presented and discussed: total number concentration of aerosol particles (Nio),
geometric mean of their electric mobility-equivalent diameter (dgm), particle number size
distributions (dN(d)/dInd, with d — electric mobility-equivalent diameter), and number
concentrations of particles within selected size channels, i. e., 0-11.1 nm channel (Ny;), 46.8—
51.3 nm channel (Nsp), 91.5-101.1 nm channel (Nio), 171.1-191.3 nm channel (Nzg), and
271.8-307.4 nm channel (N3qp).

Four CDI-06 Gerdien-type integral air ion detectors (Hirsikko et al., 2011) manufactured at the
Institute of Physics, Beograd, Serbia, were used to continuously measure concentrations of
positive and negative cluster ions in the air in the size range 0.36-1.6 nm (3.15-0.5 cm* V*
s™Y); air is pumped through the detectors at a flow rate of 5 dm*s* and acquisition frequency
was set to 2 minutes (Kolarz et al., 2009; Kolarz et al., 2011).

Radon (**Rn) and thoron (**’Rn) activity concentrations in air were measured with a RTM
1688-2 Radon/Thoron Monitor (Sarad, Germany). Air is pumped continuously through the
detector at a flow rate of 3 dm® min*and analysis frequency was set to once an hour.

The owners of dwellings were asked to keep the experimental room closed and unattended at
least a day prior to our measurements. The instruments were placed on tables, at a height of 80
cm above the floor, more than 0.5 m away from any wall, more than 3 m away from the door,
and more than 3 m away from the heater. At each location, measurements lasted about a day,
including overnights. There were long periods of measurement without human presence or
activity (indicated as non-events) and several short periods affected by humans, such as
checking instruments, lighting the fire, smoking cigarettes, etc. (indicated as events).



2.3. Calibration of instruments

Manufacturers of the SMSP system and RTM device regularly calibrate these instruments
every two years. Air ion detectors were calibrated at the Institute of Physics, Beograd, Serbia.
In addition, an inter-comparison experiment was carried out before our study. Detectors were
placed side by side 1 m above the ground in a basement room with average radon and thoron
activity concentrations during the experiment of 482+186 Bq m™> and 761+265 Bq m .
Results for negative ions are shown in Fig. 1. They show a standard deviation among detectors
of less than 5%, which is satisfactory, taking into account the non-ideal measuring conditions,
micro-climatic influence on positions of detectors and overall uncertainty of air ion
measurements.

3. Results and discussion

Results are presented and commented on for every experimental room separately. The average
particle generation rate (Qs) was calculated using Eq. 3, and rate constant of total particle loss

(W + ), Eq. 4.
3.1. Room-1

After entering the room, about 60 min were needed for four persons to install the instruments
and put them into operation. At that time, water radiators also connected to the central system
were opened to keep the room warm. Then, the room was left and kept closed till 8:00 the next
day when two persons entered the room for 10 min to check the instruments. At 11:00, three
persons entered, one of them smoking a cigarette. Thus, the entire experiment is considered to
show results of the following periods: the R-1/1E event of installation of instruments, the R-
1/2NE non-event during the period when the room was unattended, the R-1/3E event of
checking the instruments, and the R-1/4E event of cigarette smoking (Fig. 2a, Table 2).

Time variations of Cg,, Cy, T and RH are shown in Fig. 2a. The temperature increased from
its initial value of 22 °C to its maximum of 27 °C in the evening and then slowly decreased till
the next morning. By heating, the initial RH value of 43% decreased in first several hours and
then remained constant around 27 % till next morning. Neither Rn nor Tn demonstrated their
usual overnight maxima. Because of their low concentration, relative measurement errors were
high and therefore time variations are not clearly seen.

The initial values of Ny and dgm, Obtained 10 min after our entry the room in the beginning of
the R-1/1E event, were 8.9x10% cm™ and 69 nm (Fig. 2b), respectively, with a bimodal size
distribution of broad and not well pronounced maxima, higher at 40 nm and lower at 100 nm
(Fig. 3). Then, Nyt was decreasing and dgy, increasing for the next few hours. This trend
points out that N was even higher and dgwm, lower before our entry than shown by the first
SMPS measurement. The N maximum and dgym minimum at 14:24 may be considered as the
time when the R-1/1E event ended. Afterwards, N and dgwm started to fluctuate around 5000
cm and 95 nm (Fig. 2b), respectively, presumably because of entries to the room (see later in
the text), although the residents denied this. Average values of n* and n~ for this event were
538 cm  and 259 ions cm > while the ratio n*/ n"=2.1. After the room air was disturbed as a
result of people entering the room to read the instruments, the ion concentration started to rise
as a consequence of radon accumulation. A few rapid drops of ion concentration visible in Fig.
4a are caused by opening the door and air perturbation inside the room.

Thus, as an R-1/2NE non-event may be represented by the period between 20:56 and 8.18 the
next morning, when the aerosol was not affected by human activity, as confirmed by smooth
runs of both curves in Fig. 2b: Ny was steadily decreasing and dgy, increasing, presumably
because of particle coagulation; the highest values of Nsy and Nigo started to decrease after
21:00, while N2go and Nsq steadily increased (Fig. 2c). The average positive ion concentration



for this event was 981 ions cm > with tendency to slowly rise. At the same negative ion
concentration remained constant with average of 460 ions cm with ratio n*/ n"=2.1.

The R-1/3E event started at 8:15 when two persons entered the room for 10 min to survey
measurements. Ny increased from 5.8x10° cm™ to 12.2x10° cm™ and dgw, decreased from
125 nm to 78 nm, mainly due to an increase of Nig and to a lesser extent of Nspand Nogo (Fig.
2c), either brought in by persons, or resuspended by the movement of disturbed air. As a result,
size distribution (Fig. 3, at 8:18) was extended towards smaller sizes (Fig. 3, at 9:08). It is not
understood why this time N and dem changes are opposite to those in the R-1/1E event. After
they left the room, Ny and dem resumed their trend from before their entry, i.e., of decreasing
and increasing, respectively. Nevertheless, they did not reach their values of 8:18 and the R-
1/3E event did not terminate, but is considered having continued until the smoking event
started at 11:01 (R-1/4E). In this period n*=841 ions cm ™ and n"=385 ions cm >, ratio n*/
n =2.2.

Average values for all 3 events of n* and n” were 768 cm™ and 368 ions cm ™, respectively.
Similarly as dgm, n*/n” was increasing till the room was entered (Fig. 4a), due to increase of
positive ions concentration and uniform concentration of negative ions. Typical cluster ion
concentration peak at dawn (Kolarz et al., 2009), due to temperature inversion (Blaauboer and
Smetsers, 1996), was absent, probably due to good house insulation. Average positive to
negative ion ratio was n*/n =2.1, showing relatively high ion to aerosol attachment coefficient
or presence of electrostatic surfaces that was lowering n".

At 11:01 the R-1/4E event of smoking started. Three persons entered the room and one was
asked to smoke a cigarette at a distance of 2 m from the instrument inlets. As seen in Fig. 2d,
smoking produced a significant amount of the 100—300 nm particles (with 200 nm particles
prevailing), thus causing a substantial increase of both N from 8.7x10° cm ™ to 9.6x10* cm™
and dem from 90 nm to 190 nm (Fig. 2b). This resulted in shifting the size distribution
maximum to 220 nm (Fig. 3, at 11:37) and eliminating almost all cluster ions (Fig. 4a). At the
same time, a rapid cluster ion sink was observed (Figs. 4a and 4b). At the last reading, 40 min
after the smoking stopped, size distribution gained a similar pattern as before smoking, with a
maximum at about 110 nm (Fig. 3 at 12:26). Nevertheless, number of particles still remained
high, pointing out that the consequence of the R-1/4E event had not been terminated and could
last for longer periods (Afshari et al., 2005; Hussein et al., 2006).

The highest particle concentration of 8.5x10* cm ™ above the baseline reached during the R-
1/4E event (Table 2) is markedly lower than that observed by Morawska et al., (2003) between
2.0x10° cm * and 3.6x10° cm® and by Afshari et al. (2005) of 2.2x10° cm >, but higher than
that reported by He et al. (2004) of 2.7x10* cm™ and Hussein et al. (2006) of 3.6x10* cm .
Our particle size of 100—300 nm is ranked between the reported values of 400—500 nm
(Afshari et al., 2005) and 6—50 nm (van Dijk et al., 2011). The difference may be explained by
measurement conditions. Van Dijk et al. (2011) used a smoking machine with an analysis
frequency higher than 1 s™, and were thus able to detect particles in their nascent state, before
any growth. On the other hand, our cigarette was (i) smoked by a person, (ii) 2 m away from
the instrument inlet, (iii) two other persons were present, and (iv) the first reading was 7 min
after the smoking started. Thus, particles had time to grow (Kulmala et al., 2004; Hussein et
al., 2005; Hu et al., 2010).

Average particle generation rate during the R-1/4E of 2.4x10" min™' (Table 2) was about five
times higher than that found by Hussein et al. (2006) of 4.9x10™° min!, and about 1.5 times
lower than 3.8x10™ min~' of Afshari et al. (2005) — possibly because of our higher A, + Aq
value of 0.0603 min~' (Table 2) than theirs of 0.011 min"'. The total number of particles
emitted was 8.7x10%,

Over the past decade, exposure to particles produced by smoking has been reduced noticeably
in public places, because the number of countries which prohibit smoking at these places has
been growing. There have been a few humble trials to also ban smoking indoors in private
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places, but these have not resulted in more than recommendations, and the decision is left to
residents themselves.

3.2. Room-2

At 9:00, five persons entered the room for 90 min to install the instruments, along with the
owner, who lit a fire of wood in a small cast iron stove. During his procedure, the stove top lid
was open and hot air with smoke could easily expand into the room. Everybody then left, and
the owner entered the room for several min at 12:00, 15:05, 16:30, 18:30 and 23:00 to add
wood logs to the stove and keep the room warm. At 7:00 the next morning, the owner entered
the room for 5 minutes to light the fire; he entered for several minutes again at 8:21, 9:20, and
10:05, to add fuel to the fire. As the fire burned the stove heating surface area of about 0.5 m?
was about 150 °C.

Thus, the entire measurement comprised: a of installing instruments and lighting fire in the
beginning, followed by five similar R-2/2E events of adding wood logs, a R-2/3NE non-event
during the period when the room was closed and unattended, the R-2/4E event of lighting fire
in the morning, followed by three R-2/2E events of adding wood logs (Fig. 5b, Table 2).
During the measurement (Fig. 5a), Rn and Tn levels were similarly low as in Room-1, while
air temperature was lower and relative air humidity higher than in Room-1 (Fig. 2a). While T
was almost constant at about 15 °C, until next morning at 7:00 when it was slightly increased,
RH was steadily increasing and decreased toward the end of measurement.

The first SMPS measurement in the R-2/1E event 10 minutes after our entry showed (Fig. 5b)
Nio=3.5x10* cm™ and dgu=70 nm, the former being much higher and the latter similar to the
value in Room-1 (Fig. 2b). The initial particle size distribution (Fig. 6 at 10:26) was bimodal,
with a not well expressed maximum at 10—20 nm and a broad population between 40 and 200
nm, maximised at about 80 nm. Bimodal distributions were observed also by Hussein et al.
(2005) and Zhang et al. (2012), though not with maxima at the same sizes. Our presence and
activities in the room (above all lighting the fire) caused a drastic increase of Ny to its
maximum of 1.0x10° cm > and decrease of dgy to its minimum of 30 nm (Fig. 5b), mainly due
to a sharp increase of concentrations of the 11 nm particles, while concentrations of the 50-200
nm particles had been decreasing since the very beginning (Fig. 5c). As a result, at the Nio
maximum, size distribution (Fig. 6 at 10:54) was composed of a lower maximum at about 80
nm (as initially) and higher, not well separated maxima at 15 nm and 30 nm, thus differing
from distribution by Zhang et al. (2012) with a single maximum in the latter size range.
Particles in the size region of around 100 nm have been reported in a number of works (EPA,
2000; Hedberg et al., 2002; Weichenthal et al., 2007; Burtscher, 2010; Commodo et al., 2012).
Differences in results most probably originate from different burning conditions, first of all
material, construction and temperature of the stove, as well as kind of wood (EPA, 2000). In
our size distribution, a noticeable contribution of secondary particles of unknown size is also
expected, as dirt and dust is lifted from the hot oven surface (Pedersen et al., 2001).

During the R-2/1E event, Ny increase of 7.6x10% cm ™ above the baseline (Table 2) was bigger
than 1.5x10% cm™ by Weichenthal et al. (2007). Average particle generation rate was 1.5x10™
min~', and total number of released particles, 4.3x10", with loss rate constant, A, + Aq = 0.044
min~' (Table 2). The average generation rate of 11 nm particles was 2.2x10%° min™' and
reached its maximum concentration above the baseline 5.2x10° and total amount of released
particles of 4.7x10™. Their A, + Aq = 0.122 min~' was higher than 0.044 min™' for all particles
(comprising bigger ones), as expected (Hussein et al., 2006).

As Ny, also concentration of cluster ions started to increase after we entered the room (Fig. 7).
Although the frequency of Rn monitoring of 1 h™' was too low to show Rn concentration in
real time with the changes in ion concentration, one should not assume that Rn level is
increased after entering the room — rather the opposite can be true. Therefore, Rn could not
enhance the ion concentration. At the beginning, the increase of positive air ions was higher
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than of negative ones. This can be explained by higher particle concentration and accordingly
higher attachment rate of negative air ions, resulting in their lower concentration. Average
values, during the R-2/1E event, of n*, n” and n*/n” were 470 ions cm >, 237 ions cm °, and
positive to negative ion ratio 2.0, respectively (Fig. 7).

After this intense emission of smallest particles, Ny and dewm Started to rapidly decrease and
increase, respectively (Fig. 5b), due to a faster deposition (Hussein et al., 2006) of smallest
particles; in less than an hour, N and dey almost approached their initial levels. Thus, the R-
2/1E event was understood as terminated at 12:00, when Nj; reached its minimum (Fig. 5c).
This period was followed by five R-2/2E events in which the owner entered the room for 1-2
minutes, opened the stove and added logs of wood. His activity caused temporary fluctuations
of Nyt and dem (Fig. 5b), and appearances of Ny; peaks (Fig. 5¢), although not as distinctive as
when lighting the fire. During this period, the bimodal size distribution converts into a
unimodal (Fig. 6 at 6:54), as observed also during wood burning by Zhang et al. (2012). lon
concentration was almost constantly increasing with a clearly visible sharp but short decrease
of concentration caused by opening the door. At the same time ratio n*/n” increased, which is
clearly related with lowering N (EQ. 5, 6).

During the R-2/3NE non-event in the period from 00:59. to 6:54 the next morning, when the
room was left unattended, Ny decreased further and dgm, Which increased because of particle
coagulation, to reach their lowest and highest values, respectively (Fig. 5b), with size
distribution shown in Fig. 7 (at 6:54). This distribution is slightly shifted to higher sizes with
losing smaller sizes tail when compared to that in the beginning of measurements (Fig. 6 at
10:26).

The R-2/4E event commenced after the owner entered the room at 7:00 to light the fire. N
abruptly increased and dgw abruptly decreased (Fig. 5b), similar to the R-2/1E event, although
not to the same extent because there was only a single person present for a shorter period.
Again, N peak was mostly contributed by 11 nm particles and to a lesser extent, by 50 nm
and 100 nm particles (Fig. 5¢). Size distribution at the N peak (Fig. 6 at 7:01) differed from
that at the first Ny peak the previous day (Fig. 6 at 10:54) by a significantly smaller
contribution of <50 nm particles. After the owner left the room, Nj; started to decrease,
resulting in a decrease in N and increase in dem (Fig. 5b), similar to after initially lighting fire
the previous day. The time when Ny, reached its minimum was considered of the end of the R-
2/4E event.

During the R-2/4E event, particle generation rate was 8.5x10* min!, their total number
released, 1.2x10, maximum concentration increase 3.0x10* cm ™ above the baseline, and A, +
A¢ = 0.029 min~' (Table 2). And for the 11 nm particles: Qs = 8.4x10° min~', ANy (ty) =
2.4x10°cm ™, A, + Ag = 0.060 min ', and total number of released particles was 1.2x10™. It is
not clear at the moment why this ANj;(tm) increase was for an order of magnitude lower than
in the experiment of Zhang et al. (2012), with 2.0x10° cm* increase of 10—20 nm particles and
1.0x10° cm ™ increase of 40—50 nm particles.

Because heating cannot be stopped, the owner would substantially reduce exposure to nano-
particles by choosing a suitable heater and fuel (EPA, 2000) with a lower temperature of the
heating body and by maintaining clean and dust-free hot surfaces (Pedersen et al., 2001).

The origin of the 11 nm particles during the R-2/1E and R-2/4E events (Fig. 5¢) has not been
clarified. They can hardly be ascribed to dirt and dust lifted from the hot stove surface
(Pedersen et al., 2001; Afshari et al., 2005), because these were not emitted during the entire
period of burning, but only during the time of lighting the fire when several (one in the second
morning) persons were in the room and the stove lid was open, enabling hot air and smoke to
expand into the room. Did they originate from the persons’ breathing and skin evaporation or
were they produced by volatile organic compounds (VOC; He and Hopke, 1996; O’Dowd et
al., 2002; Wang et al., 2007) released from fire? (Hedberg et al., 2002; Cerqueira et al., 2013;
Evtyugina et al., 2014).



This period was followed by three R-2/2E events with the owner’s entries to the room to fuel
the fire. Similarly as in the previous afternoon, these caused fluctuations in dgm increase and
Nt decrease (Fig. 5b).

Based on the Ny and dgm situation at 6:54 and soon afterwards (Fig. 5b), one may speculate
that Nt might have been lower and dgym, higher than found by the first SMPS measurement.
Unlike in Room-1, a cluster ion concentration peak at dawn (Fig. 7 at 6:00) was visible here.
lon concentration minima at about 04:00 that coincided with Cr, maxima is difficult to explain
and is probably a consequence of artefact. An increase of dgym and a decrease of Ny resulted in
an increase of air ion concentrations of both polarities (Fig. 7). Obviously, n* and n~ changes
coincide with the firing of wood stove. Changes were caused by opening the room door, entry
of air from outside, and also by opening the stove when a lot of smoke particles entered the
room and attracted the cluster ions. Thus, ions became larger and could not be detected by the
system. Increase of n* and n~ was accompanied by dgy increase and Ny decrease (Fig. 5b).

3.3. Room-3

The experimental room is mostly heated with water radiators connected to the central heating
system, and temporarily with an Alpine-type oven; its heating body (about 6 m? surface area),
made of special clay brick and covered with ceramic tiles, is in the guest room (experimental
room) and the door to add wooden logs and place dough to bake bread is located in the kitchen.
The room had been closed for five days prior to our measurement. After the measurements
were started, the room was left unattended till the next afternoon when the radiator was turned
on at 15:52. At 6:45 the next day, the fire in the oven was lit, without entering the room. Thus,
the entire measurement may be divided into the following event: the R3/1E event of installing
instruments, followed by the R3/2NE non-event till next morning when the R3/3E event started
to cover the period of the oven heating (Fig. 8b, Table 2).

In contrast to the previous rooms, in Room-3, Tn level was mostly below the detection level
and Rn concentration was substantially higher, showing a typical diurnal variation, with a
broad maximum overnight (Fig. 8a). Air temperature was almost constant around 10 °C, while
relative humidity varied from 65 % in the beginning to 70 % in the end of measurement.
During the R-3/1E event, three persons were present for 60 minutes to install the instrument.
The first SMPS reading 10 minutes after our entry showed Ni=3.2x10% cm™ and dgy=34 nm
(Fig. 8b), presented by a size distribution with two high but not well separated peaks at around
20 nm and 50 nm, and a small, not well pronounced maximum at about 105 nm (Fig. 9 at
15:36). Because of a rapid N decrease, one may speculate that particle concentration ought to
be markedly higher prior to our entry and presence. As observed in our previous study in a
rural environment (Smerajec and Vaupoti¢, 2013), Nyt in outdoor air reached (20—40)><104
cm ™ levels in the early afternoon, often 30 % populated by the <10 nm particles, and then
decreased towards 1000 cm ™ or even lower, with only several percent of the <10 nm particles.
Our initial indoor Ny value in the R-3/1E event resembled that observed outdoors, thus
showing that indoor particles prior to our entry were mostly of outside origin; the smaller
contribution of the <10 nm particles (538 cm ™, Fig. 8c) was simply due to smaller outdoor —
indoor penetration coefficient P for this particle size (Hussein et al., 2005; Wallace, 2006).

In first hours, N1; and Nso rapidly decreased (Fig. 8c), presumably because our entry and
presence caused air movement and as a consequence a preferential deposition of the smallest
particles (Hussein et al., 2006), or simply because of diurnal change in the outdoor air aerosol
concentration. On the other hand, Nig and Ny were slowly but steadily increasing and
reached maximum at about midnight, while N3 was permanently low and almost unchanged
(Fig. 8c). These changes are reflected in a steady Ny decrease and dgv increase. The border
between the R-3/1E event and the R-3/2NE non-event is argued because the time at which
consequences of our presence in the room ceased, is to fix; it was probably around 22:00, when
Nt and dgw changes became slower.



The average positive ion concentration in this period was 15570 ions cm > while negative was
12467 ions cm™ with a ratio of n"/n"=1.2. The lower ratio of positive and negative ions than in
Room-1 and in Room-2 was due to a higher concentration of ions than of aerosols which limits
the attachment rate of ions.

During the R-3/2NE after 22:00, Ny and dgm continued to decrease and increase steadily,
respectively, though more slowly than before. Their final values the next morning before oven
heating started were 3.9x10° cm™ and dgm 106 nm, respectively. At that time, 11 nm and 50
nm particles almost disappeared (Fig. 8c) and size distribution showed a broad maximum at
100110 nm (Fig. 9 at 6:45). lon concentrations were in constant increase with averages
n*=23391 ions cm > and n"= 21140 ions cm* and their ratio of 1.1.

The R-3/3E event started at 7:00, when the fire was lit in the oven from the kitchen side,
without entering the room. As the oven grew warmer, a large amount of secondary particles
appeared in air, mainly as dirt and dust lifted from the hot (40—50 °C) oven surface (Pedersen
et al., 2001; Afshari et al., 2005), and also resuspended from the floor, by thermal air
movement, caused by the rising temperature of the heating body and the room air in general.
The contribution of 100 nm particles was highest, followed by 200 nm, 50 nm and 300 nm
particles (Fig. 8c). In first half-hour, the increase in Nso was higher than that of N,go, resulting
first in a dem decrease at concomitant Ny rising. Thus, size distribution at minimum dgy was
largely extended to smaller sizes (Fig. 9 at 7:35). After that, Ny and dgm increased
simultaneously because of the large amount of 100 nm and 200 nm particles emitted (Fig. 8c),
to show a sharp symmetrical peak at about 105 nm at maximum Ny of 1.7x10% cm™ (Fig. 9 at
8:39). Because of the different origin of particles in this event, this distribution is completely
different from that shown in Fig. 6 at 10:54 for particles emitted during heating with an iron
stove in Room-2.

At 8:39, the fire in the oven was extinguished and the heating surface of the oven started to
slowly grow colder. After this peak, Ny Started to decrease, while dgy increased further for an
hour or so, thus demonstrating particle growth by coagulation (Kulmala et al., 2004; Hussein et
al., 2005; Hu et al., 2010). Then dgm also started to decrease, approaching the value in the
beginning of measurement (Fig. 8b). On the other hand, final N was quite different from the
value in the beginning of measurements, but close to that before the R-3/3E started. Towards
the end of measurement, the contribution of <80 nm particles to the size distribution increased,
thus emerging in two broad maxima in the 20—70 nm and 80—110 nm size regions (Fig. 9 at
16:41). This slightly resembled the shape in the first measurement (Fig. 9 at 15:36), though of
much lower contribution of smaller particles.

The average particle generation rate during the stove heating was 1.1x10'° min™' and the
maximum increase in aerosol concentration above the baseline, 1.3x10* cm™ (Table 2),
substantially lower than the related values for the hot surface of an electric radiator of 8.8x10™
min~' and 2.2x10° cm >, respectively (Afshari et al., 2005), presumably because of higher
radiator temperature. The total number of emitted particles was 1.2x10%. Our A, + A4 value of
0.007 min~" is only a half of theirs: 0.012 min™".

Because the room is used only occasionally for family gatherings and celebrations, the
exposure to nano-particles is of no great concern. Nonetheless, the owner may diminish it by
thoroughly cleaning the oven heating surfaces (Pedersen et al., 2001).

A person’s entry for 1 min at 15:52 to turn on the water radiator caused only a small and short
Nt decrease and dgy increase (Fig. 8b).

Lighting the fire in the stove caused a reduction of n*=20342 ions cm™ and n"=19054 ions
cm° starting at 7:00. After three hours (11:00), cluster ion concentration started to slowly
decrease as a result of radon concentration decrease.

Because of high radon levels (average 4600 Bq m ), radon and its short-lived products in this
place are considered as a significant source of ionization and ion generation. This is manifested
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by much higher air ion concentrations than in Room-1 and Room-2. Time variations of n* and
n-are shown in Fig. 10. Increase of cluster ion concentration is followed by a reduction of the
total number of aerosol particles, but also with the rise of their mean diameter. Similarly as in
Room-2, the n*/n" ratio increased with an attachment coefficient, i.e., the number of particles.

3.4. Correlations

The correlation between the concentrations of the positive and the negative ions is relatively
high: 0.84, 0.98 and 0.94 for Room-1, Room-2 and Room-3, respectively. As the perturbance
of air ion concentration induced by the stove heating (R-3/3E) in Room-3 was significant, these
data were treated as two groups: one before and the other during the R-3/3E event. In that case
the correlation between n* and n~ are 0.97 and 0.83, before and during the R-3/3E event,
respectively.

Although the correlations between n* and n™ are relatively high, the Mann-Whitney test shows
that the normalized distribution of the positive and the negative ions are not significantly
different (with 0.05 level of confidence) except in the case of Room-2. This implies that the
involvement of all influences on the ion concentration is not included in the equation (1). F-test
of variances difference between n* and n~ shows that the variances of the two distributions are
significantly different (0.05 level of confidence) only during the R-3/3E event in Room-3,
during the heating.

Coefficients of correlation (R) between n*, n", their ratio n"/n” on one side and Ny, dgm, and
concentration of aerosols smaller than 50 nm (N<sp) and concentration of aerosol particles
bigger than 50 nm (Nsso) on the other in Room-1 (Trubarevac), Room-2 (Resnik) and Room-3
(Rakitna) are presented in Table 3.

As in the cases of Room-2 and Room-3, sudden increases of different fractions of particle sizes
appeared during the measurement, thus their correlation with the ion concentration were
investigated separately.

In the case of Room-3, during the R-3/3E event all correlations between ion and aerosol
concentrations were lost. The exception is the slight negative correlation between the n*/n”
ratio and the concentration of the aerosol fraction of 10-50 nm, although the positive
correlation should be expected. This should be considered as a coincidence. Before the R-3/3E
event, the correlations were more pronounced especially for the positive and negative ions,
while for their ratio n*/n", the correlations are weak, with exception of the correlation with the
geometric mean of aerosol diameter which was moderate (0.64). This indicates that the simple
theoretical model given by the equation (1) cannot explain the dynamics conditioned by the
burning wood in a stove — at least the case of Room-3.

The correlations of measurements in Room-2 during the R-2/1E event are relatively high and
they behave as it would be expected according to the equation (1), which is indicated by the
abovementioned Mann-Whitney test. Without the wood firing (R-2/3NE) the correlations
between ion concentrations and the dem and aerosols smaller than 50 nm were broken.

The ion concentrations and ratio n*/n” in Room-1 during the period when short entrances
occurred (R-1/3E) show no correlations with the aerosol particles. During the R-1/2NE non-
event, the strong correlation between positive ions and other parameters was re-established,
while the negative ion concentration remained uncorrelated. The R-1/4E event established the
correlations between the both ion concentrations and other parameters. However, in this case,
the correlations between the ion concentrations and the parameters related to the size of the
aerosol particles have to be considered in light of the two facts: 1) the cigarette smoking did
not influence the aerosol particles concentration of fraction smaller than 50 nm, and 2) there
were only seven measurements during the smoking which does not assure good statistics.

The effective ion-aerosol attachment coefficient - Bt is calculated using the equation (2) under
the assumption of equilibrium (dn/dt=0; Fig. 11). The ion-to-ion recombination coefficient is
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taken to be 1.5x10°° cm® s~ (Horrak et al., 2008), while the volumetric ion production rate is
calculated using the radon, thoron and their progenies concentrations with equilibrium factors
of 0.4 and 0.1 for radon and thoron, respectively. As the main origin of the creation of the ion
pairs in sites investigated is radon and thoron, the escape fraction correction is applied (Mayya
and 3Holllémder, 1995) for an aerosol concentration of ~10000 cm > and source strength <1000
cm°s .

In Room-1 and Room-2 the radon and the thoron concentrations were practically constant. The
average thoron and radon concentration in Room-1 were 131 Bq m ™ and 57 Bq m (Fig. 2a)
and in Room-2, 161 Bq m™ and 88 Bq m (Fig. 5a), respectively. In Room-3, the radon
concentration gradually increased from ~2000 Bq m™ to ~6000 Bq m ™ and then decreased to
~3000 Bq m* (Fig. 8a), which was accounted for in the estimation of the ion production rate.
The thoron concentration was ~20 Bq m ™.

The mean values of the parameter Bes vary between (2.2-5.4)x10 ° cm® s ™! (Fig. 11), which is
higher than the values measured in the boreal forests in Finland (1-2)x107® cm® s™' (Horrak et
al., 2008). According to Flanagan (1966), and Hoppel and Frick (1986), the effective
attachment rate increases with the aerosol radius. This behaviour was noticed in Room-2,
where the correlation between Be and dgm was 0.86 during the R-2/1E event (entry and
lighting fire) and 0.70 during the R-2/3NE no-event (no human activity) from 12:59 to 6:54 In
Room-3, this correlation was 0.91 during no human activity (R-3/2NE non-event), while when
the wood in the stove was lit (start of the R-3/3E event) this correlation turned to be negative
—0.86. In comparison with the Table 3, it should be noted that when the correlation between
ion concentrations and the aerosol parameters is broken, the correlation between Ber and dgwm 1S
broken as well.

4. Conclusion

Our results show the highest average particle generation rate of 2.4x10™ min™' during cigarette
smoking, followed by 1.5x10* min" during heating with a cast iron stove at 150 °C burning
wood, and 1.1x10" min~' during heating with an Alpine-type oven at 40—50 °C. The same
sequence was observed for the rate constant of the total particle loss (A, + Ag), being 0.0603
min~' during smoking, 0.0442 min™' during heating with the stove, and 0.0067 min~' during
heating with the Alpine-type oven. The total number of particles released was 8.7x10" during
smoking, 1.2x10" during heating with the Alpine-type oven, and 4.2x10"? during heating with
the stove.

Exposure to nano-particles due to smoking (strongest particle source) in public places has
recently decreased quickly, because of steadily increasing prohibition rules of smoking
indoors. To ban smoking indoors is also highly advisable for private places, but decision is left
to residents themselves. Although heating cannot be stopped, exposure to the generated nano-
particles can be diminished markedly by choosing a suitable heater and fuel with lower
temperature of the heating body and by maintaining clean and dust-free hot surfaces.
Differences in correlation coefficients of the same parameters in different houses arise from
different way of heating. The heating body of the stove in Room-2 was the source of a
permanent inflow of new particles, while in Room-1, the central heating provided an almost
constant concentration of particles during measurements. In Room-3, there was no heating
before 7:00, and correlation was higher. Introduction of new particles with maximum size
distribution peak at 100 nm reduced the number of cluster ions by processes of ion-to-aerosol
particles attachment. Nevertheless, correlation coefficient between average air ion and radon
concentrations during all four measurements remained high.

High concentrations of nano-particles and particles in nucleation mode observed in Room-2
and Room-3 only in the presence of several persons lead to a conclusion that they are the
consequence of strong VOC evaporation from the skin during measurements. One of the
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possible explanations, especially in the case of Room-3 where ion concentration was high, is
that gas-to-particle conversion of VOCs and particles in the phase of growth are assisted by
ion-induced nucleation. But in Room-2, nano-particle concentration was 40 times higher than
concentration of cluster ions of both polarities.

During the measurements, there were certain external influences which induced unexpected air
ions behaviour. The strongest influence came from the heating, however other influences (such
as temperature gradient, thus convective air current, air draft, presence of electrostatic surfaces,
human presence, micro-climatic influence etc.) were certainly present. Human activities,
especially a presence of people in the room, perturb the common correlation between the ion
concentrations and the aerosol parameters, sometimes completely breaking all correlations. The
correlations between the positive ions and the airborne particle parameters were in principal
higher then between the negative ions and the same parameters. The mean values of the
effective ion attachment rate Befr Were estimated and they vary between (2.2-5.4)10° cm3s .
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Figure captions

Fig. 1: Time variations of concentration of negative (n”) ions, obtained with four ion detectors in the
inter-comparison experiment.

Fig. 2a: Time variations of activity concentrations of radon (Cg,) and thoron (C+y), air temperature (T)
and relative air humidity (RH) in Room-1.

Fig. 2b: Time variations of total number concentration of aerosol particles (Ny.) and geometric mean of
their diameter (dgm) in Room-1.

Fig. 2c: Time variations of number concentrations of particles within selected size channels (N1, Nso,
N100, N2go and Nzog), from the beginning to the R-1/4E smoking event in Room-1.

Fig. 2d: Time variations of number concentrations of particles within selected size channels (N11, Nso,
N100, Nogo and Nsgq) during R-1/4E smoking event in Room-1.

Fig. 3: Size distributions of aerosol particles (dN(d)/dInd) at selected times during measurement in
Room-1, indicated in inset.

Fig. 4a: Time variation of positive (n*) and negative (n) ion concentrations and ratio of positive to
negative ions concentration (n*/n") in Room-1.

Fig. 4b: Magnified time section of Fig. 4a between 8:00 and 11:45 in Room-1.

Fig. 5a: Time variations of activity concentrations of radon (Cg,) and thoron (C+,), air temperature (T)
and relative air humidity (RH) in Room-2.

Fig. 5b: Time variations of total number concentration of aerosol particles (Ny) and geometric mean of
their diameter (dgy) in Room-2.

Fig. 5c: Time variations of number concentrations of particles within selected size channels (N1, Nso,
N100, N2go and N300,) in Room-2.

Fig. 6: Size distributions of aerosol particles (dN(d)/dInd) at selected times during measurement in
Room-2, indicated in inset.

Fig. 7: Time variation of positive (n*) and negative (n") ion concentrations and ratio of positive to
negative ions concentration (n*/n") in Room-2.

Fig. 8a: Time variations of activity concentrations of radon (Cg,), air temperature (T) and relative air
humidity (RH) in Room-3 (Tn levels were too low to be shown).

Fig. 8b: Time variations of total number concentration of aerosol particles (Ny) and geometric mean of
their diameter (dgm) in Room-3.

Fig. 8c: Time variations of number concentrations of particles within selected size channels (N1, Nso,
N1gg, Nogo and N300) in Room-3.

Fig. 9: Size distributions of aerosol particles (dN(d)/dInd) at selected times during measurement in
Room-3.

Fig. 10: Time variation of positive (n*) and negative (n") ion concentrations and ratio of positive to
negative ions concentration (n*/n") in Room-3.

Fig. 11: The box chart of the total aerosol concentration (Ny), the positive ions concentration (n*), the
geometric mean of the diameter of aerosols (dgm) and the effective ion-aerosol attachment coefficient
(Ber). The charts are divided according to events. The box with inner line shows 1* quartile, median and
3" quartile. The whiskers shows 5" and 95™ percentile, the empty square shows an average, the cross
shows 1% and 99" percentile and the minus sign shows minimum and maximum value.
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Highlights

Highlights

e We measured indoor concentrations and diameter of particles, radon, thoron and air

ions.

e Correlations between aerosol and air ion concentrations are mostly negative.

e Air ion correlation with particle diameter is not unambiguous.

e High concentrations of nano-particles and particles in nucleation mode are observed.

Tables

Table 1: Characteristics of the selected experimental rooms.

Dwelling 1 Dwelling 2 Dwelling 3
Trubarevac Resnik Rakitna
Serbia Serbia Slovenia
Characteristic / room Room-1 Room-2 Room-3
room type guest room living room living room
room size / mxmxm 4x5x2.7 4%3x%2.6 5%x5x2.6

building material, walls brick, concrete

brick, concrete

stone, brick, concrete

building material, floor parquet on linoleum on parquet on
concrete concrete concrete
basement underneath no no no
construction year/renewed 1980 1974 1910/1980
regular heating water radiator of iron stove water radiator of
central system burning wood central system
Crn/Bgm™ 19* 117* 4600**
Cm/Bgm™ 211* 220* <20**

* annual average (Mishra et al., 2014)
** weekly average (Vaupoti¢ et al., 2013)
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Table 2: Description of events during measurements in Room-1, Room-2 and Room-3, with:
ANioi(tm) — an increase of the total number particle concentration from the baseline to its maximum
value, tyy — time needed for Ny to reach its ANy(ty) Value, Qs — average particle generation rate,
and (A, + A4) — rate constant of total particle loss.

Place Duration  Description ANot(tm) tm Qs Mt Ag

Event _ _ -
[cm™]  [min]  [min']  [min']

Room-1
R-1/1E 12:46 starting measurements,
—14:24 4 persons, 60 min

R-1/2NE 20:56 no human activity

—08:15
R-1/3E 08:15 checking measurements
-11:01
R-1/4E 11:01  smoking, 3 persons present, 8.7x10* 36 2.4x10"  0.0603
13 min, 1 smoking
-12:26

Room-2
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R-2/1E 10:26 starting measurements and 7.6x10" 28 15x10™ 0.0442
lighting wood in a stove,
—12:47
4 persons, 90 min
R-2/2E 13:02 5 times adding wooden logs,
1 person, 1-2 min
—00:59
3 times adding wooden logs,
08:40 1 P
person, 1—2 min
—10:34
R-2/3NE 00:59 no human activity
—06:54
R-2/4E 06:54 lighting wood in an iron 3.0x10* 14  85x10*  0.0291
stove, 1 person, 5 min
—08:19
Room-3
R-3/1E 15:36 starting measurements,
—20:06 3 persons, 60 min
R-3/2NE 20:06 no human activity
—06:52
R-3/3E 06:52  Alpine oven heating, 1.3x10* 107  1.1x10"  0.0067
—15:16  without entering room

Table 3: Coefficients of correlation (R) between concentrations of positive ions (n*) and negative ions
(n") and their ratio (n*/n"), total number concentration of aerosol particles (Ny), geometric means of
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particle diameter (dgm), concentration of particles smaller than 50 nm (Ns,) and concentration of
particles bigger than 50 nm (N.so) in Room-1, Room-2 and Room-3 during different events.

Niotk = dem  N<sg  Nssg

[cm™®] [nm] [em™®] [cm]
n"[cm>] -0.88 095 -0.86 -0.58
n[cm® -080 092 -0.78 -0.59
n/n 0.38 —0.64 037 031
n*[cm® -0.14 0.07 -0.05 -0.15
n [cm® -0.04 -0.08 -0.04 -0.07
n/n -0.15 0.7 -0.64 —0.09
n‘[em® -077 050 -0.67 -0.62
n[cm® -073 049 -0.62 -0.89
n/n 0.69 —0.44 064 0.64
n*[cm®] -0.87 -0.04 -023 -0.92
n[em® 079 016 011 0.87
n/n 0.13 023 -0.16 0.193
n‘[cm°] 006 -0.08 -0.15 -0.14
n[cm® -008 026 -022 001
n/n 0.07 —0.02 0.0 0.02
n"[cm®] -0.88 0.82 -0.88 -0.87
n[ecm® -020 010 -0.16 -0.21
n/n —0.42 046 —0.45 —0.40
n‘[cm°] -0.88 —0.81 -0.69 -0.88
n[em®] -071 —066 -0.74 -0.70
n/n 056 —-044 0.36 —057

Room-3, before
R-3/3E

Room-3, during
R-3/3E

Room-2, during
R-2/1E

Room-2, during
R-2/3NE

Room-1, during
R-1/1E

Room-1, during
R-1/2E

Room-1, during
R-1/3E
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Featured Application: An ANN model successfully helped in harmonizing inputs from several
instruments of different grade (low cost radon and lab grade particulate matter monitors) and
enabled predictions of small ions concentration of comparable quality to the lab grade Gerdien
type instrument.

Abstract: In this work we explore the relationship between particulate matter (PM) and small ion
(SI) concentration in a typical indoor elementary school environment. A range of important air
quality parameters (radon, PM, SI, temperature, humidity) were measured in two elementary schools
located in urban background and suburban area in Belgrade city, Serbia. We focus on an interplay
between concentrations of radon, small ions (SI) and particulate matter (PM) and for this purpose,
we utilize two approaches. The first approach is based on a balance equation which is used to derive
approximate relation between concentration of small ions and particulate matter. The form of the
obtained relation suggests physics based linear regression modelling. The second approach is more
data driven and utilizes machine learning techniques, and in this approach, we develop a more
complex statistical model. This paper attempts to put together these two methods into a practical
statistical modelling approach that would be more useful than either approach alone. The artificial
neural network model enabled prediction of small ion concentration based on radon and particulate
matter measurements. Models achieved median absolute error of about 40 ions/cm® and explained
variance of about 0.7. This could potentially enable more simple measurement campaigns, where a
smaller number of parameters would be measured, but still allowing for similar insights.

Keywords: indoor air quality; small ions; radon; particulate matter; linear regression; artificial
neural networks

1. Introduction

Our health and wellbeing is a complex and multifaceted phenomenon, but clean air can be with
certainty regarded as one of its most critical components. Not surprisingly, it has been shown that air
pollution is the single largest environmental health risk in Europe [1]. While level of concentration of
air pollutants can widely vary even locally, the reactions people may have in response to exposure even
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to the same level of air pollutants concentration can additionally vary due to the breathing volume
(e.g., because of different age and levels of physical fitness and activity) and duration of exposure
(e.g., large amount of time spent indoors, as a commuter, etc.). Furthermore, some age groups have
behavioral patterns that may affect their exposure in a negative manner, such as elderly or young
children, and result in various negative health effects including asthma, allergies, and other [2,3].

Monitoring of outdoor ambient air quality is usually done via networks at national and local
level. However, despite having high quality of instrumentation these kinds of networks are usually
very sparse, may not monitor all parameters of interest, and give little insight into personal exposure,
for which indoor air quality may be of greater importance. This makes additional measuring campaigns
necessary, especially for indoor places where sensitive age groups may spend considerable amount of
time. The level and composition of air pollutant differs indoors and outdoors, and some air pollutants
can be more prominent outdoors (e.g., gaseous pollutants sulfur dioxide or ozone), while others
are usually more dominant in the indoor environment (e.g., formaldehyde, carbon monoxide or
nitrogen oxides and radon) [4,5]. Even more so than the gas phase pollutants, PM concentration
along with its size distribution and chemical composition is also a significant problem. It is well
documented that serious health effects may result from long-term exposure to an elevated concentration
of particulate matter [6]. Short term air pollution levels were found to correlate with reduced lung
function, and remained visible up to 24 h after exposure [7]. In many European cities [6], particulate
matter concentration is two to three times higher outdoors than that recommended by the World
Health Organization (WHO). Outdoor air also contributes to indoor air quality, since it can diffuse
easily into indoor environment. Air quality indoors can be further worsened by non-satisfactory
ventilation quality.

In this paper we focus on a smaller subset of indoor air pollution phenomena with a focus on
an interplay between primary pollutants radon and particulate matter (°PM) [8] and small ions (SI)
concentrations. Reasoning and arguments found in scientific literature behind the question why small
air ions may have an impact on human health are the following. Small ions can be considered as
natural air cleaners and sterilizers, and also biologically active constituents of the environmental air.
Additionally, process of ion to aerosol attachment is leading to aggregation of ultrafine particles (UFP)
in environmental air and thus reduces their number concentration (at the account of mass gain) and
deposition on electrostatic surfaces. Recent scientific research shows that the health hazard possibly
increases with the decrease of diameter of the inhaled particles. Peters et al. [9] demonstrated that
the number concentration of nanoparticles is more strongly associated with health effects than the
mass concentration. Other health impacts of air ions include psychological effects that have been
reported in many studies and summarized in Perez et al. [10] and Pino and Ragione [11]. Most of
the studies claimed that ionization was significantly associated with lower depression ratings. It is
important to note that most of research refers to high levels of ion concentration exposure. Studies
of background ion concentration relative to the ion-free state studies were not found but health
benefits of rich ion background could be expected. Jiang et al. [12] claim that the reports where the
presence of negative ions is credited for increasing psychological health are without reliable evidence
in therapeutic practice. The studies showing that negative ions could help people with symptoms
of allergies to dust, mold spores, and other allergens need additional confirmations. However, it is
encouraging that there are no known negative effects of negative ions, so positive effect should be
studied further. On the other hand, adverse health effects of radon [13] and particulate matter [14]
are long well known. Since all three quantities (radon, SI and PM concentration) are linked via a
balance equation, even though the health effects are only firmly established for radon and PM [8],
it is useful to consider all three simultaneously. Understanding the way in which various air quality
variables interact can be beneficial for developing predictive models, and also enable obtaining more
knowledge about air quality based only on several key predictor measurements. Children spend a
large part of their time at school microenvironment. In the last decade several large studies conducted
within the framework of European projects BREATHE and SINPHONIE addressed the topics of level
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and chemical composition of particulate matter fractions including ultrafine particulate matter and
gaseous air pollutants, also addressing differences during teaching and non-teaching hours and periods
when there are no occupants in schools [15,16]. In the framework of numerous studies at national
and international level radon concentration was measured in school classrooms, usually by utilizing
passive samplers.

The objectives of this paper are the following. The first objective was to bring additional insight
into indoor air quality by measuring a number of important air quality variables including quantities
that are somewhat more rarely measured with higher temporal resolution namely SI concentration
and radon concentration in two elementary schools” indoor environments. In addition, we have
measured PM concentration and size with high temporal and size resolution. Descriptive statistics
of the measured parameters is presented and discussed. We then proceed to studying association
between SI, radon and PM concentrations, based on a balance equation. Parameters of the balance
equation are estimated from the data in two schools. We investigate the hypothesis that small ion
concentration can be predicted based on radon and particulate matter measurements predictors,
by using artificial neural network model. If successful, this kind of modelling effort could enable
obtaining more knowledge about air quality based only on several key predictor measurements.
This could potentially enable more simple measurement campaigns, where a smaller number of
parameters would be measured, but still allowing for similar insights. The outline of this paper is
as follows. First, we provide a brief explanation of the physical processes involved in creation of
small ions, and then utilize balance equation to describe it quantitatively. We then discuss the link
between small ion concentration, volumetric production rate and particulate matter concentration.
Following this discussion, we describe the method that was used in the indoor measuring campaign,
in which a number of relevant parameters appearing in the balance equation are measured either
directly or via an important proxy. We study an interplay between concentrations of radon, SI and
PM. For this purpose, we utilize two approaches. The first approach is based on a balance equation
which is used to derive approximate relation between concentration of small ions and particulate
matter. The form of the obtained relation is transformed via Taylor expansion to enable meaningful
linear regression modelling with several predictors. The second approach is data driven and utilizes
machine learning techniques, namely shallow feed forward neural networks, and in this approach,
we develop a more complex statistical model, but utilize predictors that were used in physics based
linear regression modelling. Performance and trade-offs of the two approaches are then discussed.

2. Materials and Methods
2.1. Form of the Balance Equation Suitable for Statistical Modelling
The small air ion concentration (n:) is determined by the following balance equation:

dns
dt

=(g—ansn= —niﬁZ (1)

where g is the volumetric production rate, Z is the aerosol number concentration, « coefficient accounts
for the losses of ion-to-ion recombination and f3 represents an effective ion-aerosol attachment coefficient,
which is the integral over the size distribution of aerosol particles. The balance equation can include
additional terms. If electrostatic deposition (occurring mainly in indoor air) is included in a model,
there is an additional right-hand side term —6*n*, where 6* is an electrostatic deposition rate coefficient
of the air ions. Additional details about physics behind changes in SI concentration and relevant terms
in balance equations are given in Appendix A.

While Equation (1) seems very intuitive, it is worth noting that it was discovered rather
painstakingly, and some terms were added to increase its scope of validity. Namely, in the first
half of last century Schweidler [17] showed that the quadratic law of recombination previously held
valid (quadratic law is Equation (1) without the last (linear) term on the right-hand side. Since n+ = n-,
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equality being only approximate due to the different mobility of positive and negative small ions,
the middle term in Equation (1) is a quadratic term) is not valid in ordinary air, but only for clean air
(Equation (1) when Z =~ 0). As another interesting historical note ion-aerosol attachment coefficient
was previously referred to as “diminution coefficient of small ions in the presence of nuclei and large
ions” [18].

If we neglect the quadratic term present in (1) we can obtain the following (under the assumption

of a quasi-steady state):
dn-
—;t ~0~qg-n"(BZ+0") 2

(since our campaign was situated indoors, the electrostatic deposition rate coefficient 6~ was also
included). After expanding fZ term we obtain:
q

" TRnr ¥

or more conveniently
Y pizi+o ~ L @

The form of the above equation suggests linear regression is a justified modelling approach if we
want to model the interdependence between the concentration of larger aerosol particles of various
diameter and small ion concentration. The physical meaning of the coefficients in linear regression
(Bi) are an ion-aerosol attachment coefficient and the intercept term corresponds to the electrostatic
deposition rate coefficient of the air ions (67). Note, however, that in a non-laboratory type of campaign,
one cannot precisely control the aerosol distribution and there may be a significant correlation
between individual channels corresponding to different particle sizes, which makes calculation
(and interpretation) of the regression coefficients as attachment coefficients largely approximate.

Taking one more look into (4) brings up an important issue, that is taking a quotient of two noisy
variables on the right-hand side of the Equation (4), that may also have values close to zero. The right
hand side of (4) therefore may produce a quotient not suitable for further statistical modelling. Instead
of using Equation (4) directly, we will do the following. By Taylor expanding expression (3) around
some value of volumetric production rate o and some value of particle concentrations Z;y we obtain

neox ZﬁiZq,—Hi* = f(qr i)~ )

zf(q(J/ZiO) + fq, ‘QOr Zig q qo0 )+ fq, |qozzo Zi— ZIO)
The derivatives in (5) are given by
Ifgz) _ __1 | _m
aﬂaqz) ~ LpiZito Moo T TEiZito- o+6 90
94i) -9 ) _ —"0
7 Tpzeo R nza = (2ﬁz,o+o 7P = P
And finally, we arrive at:
. 7’102
" xng + - p. SCEIOEDY q—oﬁi(Zi = Zi) (6)

This equation is more suitable for developing linear regression model, since it doesn’t include
quotients of the noisy occasionally close-to-zero random variables as does Equation (4). If a linear
regression model is developed based on (6) it would allow us to model and predict concentration
of small ions based on the knowledge of rate of volumetric production rate (in this paper we use
radon concentration as a proxy for volumetric production rate) and knowledge of particulate matter
concentration. Additionally, it will allow us to estimate attachment coefficients.
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2.2. Description of the Statistical Modeling Methodology

The first modelling approach that we will utilize is linear regression, with several input predictors
(radon and aggregated particle channels) and one target variable (small ion concentration). General form
of linear regression equation with several input predictors and one target is given by

yi=ao+a1-xpq+...+ap-Xijp+ 2z )

where p is number of predictors, i is number of points we use for fitting model parameters ag, a1, . . . ap,
yi is sample of target, x;1, Xxj ... X, are samples of predictors and z; represents noise in i-th sample.
Model parameters are determined by ordinary least squares i.e., by minimizing Y’ z;?(summed over all
samples). Input was transformed by subtracting median, since it is a more robust statistical measure
than mean. Thus, the linear model built around Equation (6) can be considered as Taylor expansion
around median. Note that particular linear scaling of input has no effect on R? score of the linear
model, but serves to aid interpretation of coefficients in Equation (6).

Second approach we utilize for statistical modeling is a simple feed-forward artificial neural
network (ANN) with one hidden layer. Such shallow feed-forward ANNs were previously used
successfully in a number of contexts, and recently for calibration of low-cost sensors [19]. Input was
scaled using standard normalization scaling (transforming it to zero mean and unit standard deviation).
The hidden layer uses rectified linear unit (ReLU) activation function, which is known to have certain
benefits such as non-vanishing gradient compared to commonly used, sigmoid transfer function.
Implementation of the network was done via software library scikit-learn [20]. Network optimization
procedure is the default ‘adam’ solver used in multi-layer perceptron (MLP)-regressor in scikit-learn,
and further details can be found in [21]. Class MLPregressor implements a multi-layer perceptron
(MLP) with no activation function in the output layer. It uses the squared error as the loss function,
and the output is a set of continuous values. Model selection criterion was based on R2 score, and two
requirements: to have as high as possible R2 score, and also a balanced result on training and test
set. These criterions were examined via parametric sweep of number of input PCA components and
neurons in the hidden layer. Since it is not generally possible to prescribe physical meaning to model
parameters in the ANN models we will only compare the predictive power of the models.

2.3. Description of the Experimental Setup

A wide range of relevant air quality parameters were measured in indoor environments of
two elementary schools located far apart 20 km, namely: an elementary School “Aleksa Santi¢” in
Belgrade suburb Kaluderica, and in an elementary school “20. oktobar” in a residential background
of the New Belgrade municipality, referred to as School 1 and School 2 in further text, respectively.
The measurement campaigns in both schools, that have natural ventilation, were conducted during
March 2017. Measuring spots in both schools were in classrooms on the ground floor, occupied on
workdays. Instruments were arranged rather densely, and we can assume that the sampled air was
well-mixed. Area surrounding location of School 1 and 2 is depicted in Figure 1. School 1 is in the
near vicinity of a major local road, and also in the neighborhood where there is a significant amount of
domestic heating sources. School 1 itself has a coal-based heating system. School 2 on the other hand
is located further apart from the major roads, and is situated in a block of buildings connected to the
district heating system.
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Figure 1. Larger area surrounding location of (a) School 1 (WGS84 20.556337261, 44.764855909) and (b)
School 2 (WGS84 20.395445055, 44.799510267). Approximate location of indoor school space is marked
as blue dot.

The measurement instrumentation setup included the following. SI concentration was measured
using a Gerdien-type air ion detector [22]. PM concentrations for diameter of particles going from
10 nm to 420 nm in 13 size channels were detected using TSI NanoScan SMPS Model 3910, and PM
concentrations for diameter of particles going from 0.3 um to 10 um in 16 channels were recorded
using TSI Optical particle sizer 3330. In addition, the radon concentration level was measured hourly
using a Radon Scout, along with the local temperature, pressure and humidity. The Radon Scout
consists of a measurement chamber with high voltage collection and Si detector, and samples air by
diffusion. Remaining instruments sample air actively, either via a pump (particle sizers) or a fan (air
ion detector). Accuracy, traceability and manufacturer info of the used instruments if further described
in Appendix B and Table A1.

The collected data describes all relevant processes quantified by a balance equation: 2-minute SI
concentration measurements describe steady state; radon concentration gives insight into the rate of
volumetric ion pair generation and 1-minute PM measurements give insight into main loss mechanism
for SI.

3. Results

Based on the descriptive statistics given in Table 1, some remarks can be made. In School 1,
both mean and median SI concentration were more than twice as large as in School 2. On the other
hand, radon median concentration was similar in two schools, although the mean was higher in School
2. Looking at the particle concentration, we can observe that while 0.3-10 pm diameter particles were
similar in concentration in both schools, this is not the case for 10-420 nm particles. This could explain
lower SI concentration in School 2, since increased concentration of nanometer sized particles could
explain main loss mechanism. While it is desirable to have sensitive indoor environments properly
ventilated, this was not the case in the two schools where the experiments were conducted, which have
natural ventilation. Due to this, radon and particulate matter concentration exhibited strong diurnal
variations in both schools. Temperature had somewhat extreme values for indoor space (min and
max values in Table 1), however, the standard deviation was less than 2 °C. Relative humidity had
similar values of mean and median (suggesting no significant outliers) at both schools of about 30%,
and standard deviation of about 6%. Particulate matter sizers flag data points that are not accurate due
to some problem (e.g., low level of working fluid, or out of range inlet flow) and these data points
were not taken into consideration. Table 1 also serves as a reminder on what is the scope of the validity
of the predictive models and associated model quality estimates that will be developed and discussed
in further text.
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Table 1. Summary statistics (minimum, maximum, mean, median and standard deviation) of air quality
variables for the campaign conducted in Schools 1 (S1) and 2 (S2).

Negative Particle conc.  Particle conc.

Small Ions [1;"“/11‘1’1‘;] 10-420 nm 0.3-10 um Pr(:rsr“‘)re [otc] F/H]

[#/cm3] 9 [#/cm3] [#/cm3] °

s1 2 Ss1 S s1 Ss2 s1 2 s1 S2 SI S22 Sl S2
Min 00 00 00 00 00 7765 532 304 097 098 19.60 20.12 1897 18.87

Max 871.0 643.0 118.0 234.0 95023.6 116,127.2 541.9 5726 1.00 1.01 28.81 32.62 46.14 49.18
Mean 2399 1048 36.8 56.5 25127 15,1982 161.1 1511 098 1.00 2424 26.64 29.77 31.20
Med. 2120 63.0 39.0 41.0 15775 37246 1427 1328 098 1.00 2427 26.78 2940 30.81
Std. dev 1438 1139 222 416 42832 31,7594 823 81.3 001 0.01 180 200 623 537

Initial exploratory data analysis shows that there is a correspondence between radon concentration
and small ion concentration, shown in Figure 2 for both schools. Note that radon measurements appear
to be more noisy compared to the small ion measurements, despite having much larger sampling
time of 1h. This could be attributed to sampling mechanism of Radon Scout, since it samples air via
diffusion. It also appears that for some periods of time variation in radon and small ions is “matched”,
e.g., School 2, last week of March, where there is low concentration of radon and ions during workdays,
and a sudden increase during weekend (25 and 26 March 2017). Similar, but less pronounced effect is
seen in School 1 in the same week. This is probably due to different regimes of window opening and
general use of indoor space during weekends. However, there are also periods where a “mismatch”
between radon and SI concentrations seems to happen, probably due to loss mechanisms of attachment
of small ions to particulate matter (see for example 9th of March in School 1, with a large spike in radon
concentration not matched by ion concentration). In the following text we will see whether simple
linear regression suggested by (6) could explain these and similar situations, and to what extent.

But before doing that, let us consider a correlation matrix of the wide array of quantities that we
have measured simultaneously in two schools. Correlation plots are given in Figure 3, and include TSI
Nanoscan channels (denoted in Figure 3 by channel size 11.5, 15.4, ..., 273.8 nm, concluding with
total concentration), followed by TSI OPS channels (denoted in Figure 2 by 0.337, 0.419, ..., 9.015 pm,
concluding with total concentration), followed by meteorological parameters, and finally small ions
and radon. Notice that in both schools SI concentration negatively correlates with all particle channels
(Pearson correlation coefficient is —0.36 for total particle concentration measured by TSI Nanoscan
and —0.39 for total particle concentration measured by TSI OPS in School 1, and —0.09 and —0.37 in
School 2), and that it positively correlates with radon (Pearson correlation coefficient is 0.33 and 0.59
in Schools 1 and Schools 2 respectively). This coincides with the conclusions that can be made from
Equations (3), (4) and (6), and therefore it is justified to use these equations as a starting point for
development of statistical models.

It is clear looking at TSI Nanoscan and OPS channels in the correlation matrix, that larger
groups of channels correlate and thus it wouldn’t be useful to consider all channels as independent
predictors (signals) in the framework of regression modelling due to multicollinearity effects. We have,
therefore, reduced the number of predictors for particulate matter we use in the modelling to the most
significant ones.

This can be done in a number of ways, and in statistical modelling this technique is known as
feature selection [25]. However, at this stage, in order to keep physical interpretation of predictors
possible, we have opted not to use principal component analysis and similar methods for feature
selection, and aggregated particle channels into larger size bins, approximately corresponding to
groups of correlated channels depicted in Figure 3. Aggregations that were used are shown in Table 2.
Aggregations only include consecutive channels, and for that reason in School 2, 11.5 nm channel
was excluded from Aggr2, despite the high correlation evident from Figure 3. Note that this kind of
aggregation somewhat lacks in terms of desirable properties of predictors (such as low cross correlation)
that could be achieved via use of principal component analysis (PCA) [25], however, it still preserves
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possibility for relatively simple interpretation of model parameters in linear regression. Later we
will also explore the possible benefits of PCA for aggregation of particle channels in the context of
predictive modeling.
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Figure 2. Radon concentration (dotted) vs. small ion concentration (full line) in (a) School 1 and
(b) School 2.
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Figure 3. Correlation matrix of quantities measured in (a) School 1 and (b) School 2. Shades of red are

used for positive correlations, and shades of blue for negative correlations. (Plots were produced in
Python 3.7.4 environment using libraries Seaborn 0.9.0 [23] for visualization and Pandas 0.25.2 [24] for
data processing and calculations.)

Table 2. Aggregation of particle channels into larger bins based on correlation matrix in Figure 2.

()
Nanoscan 11.5 15.4-20.5 27.4-64.9 86.6-154 205-273.8
ch. [nm]
51 Agerl Aggr2
S2 Aggrl Aggr2 Aggr3
(b)
OPS ch. 0.337-0.997 1.244-9.015
[um]
S1 Aggr3 Aggr4
) Aggr4 Aggrd

As mentioned earlier we will test the predictive power of the two statistical modeling approaches,
which will be inspired, in part, by Equation (6). Let us first consider linear regression model,
with predictors being radon concentration and aggregated particle channels showed in Table 2.
Since we are using radon concentration as a proxy for volumetric production rate we will also need
a way of converting radon concentration to volumetric production rate. Since activity of 1 Bq/m?
produces alpha particle of 5.49 MeV in cubic meter every second, and mean energy to create an ion

pair in air is around 35.6 eV [26], one decay per second producing alpha particle will produce on

549 MeV
average Ao ¥ 355 06em?

using data from Table 1, that in School 1 volumetric production rate has a median of around 6 i.p/cm3s
and maximum of 19 i.p/cmgs, while in School 2 median is similar and maximum is about 37 i.p/cm3s.
Going back to linear regression model, which was implemented using software library [20], using whole
data sets in Schools 1 and 2 we obtained coefficients given in Table 3. Explained variance of the model
is 0.49 in School 1, and 0.52 in School 2. Note that this explained variance should not be interpreted as
predictive power of the model, since it was calculated on the whole data set. We will further discuss
the issue of data set splitting a bit later.

1. . . . . .
= 0.15%. Using this approximate conversion constant, we can notice
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Looking at the results listed in Table 3, several conclusions can be made. In both schools, the linear
model had a similar value of explained variance, despite School 2 having one additional predictor.
The intercept (corresponding to # in Equation (6)) of the linear model is larger in School 1, which
is in accordance with relative value of descriptive statistics for ions for two schools listed in Table 1.
Note that g in Equation (6) is not the median of n~, but rather a value corresponding to the medians of
radon and particle concentrations. The radon term is very similar in both schools, indicating similar
increase in ion concentration with radon concentration.

In the linear model for both schools, the sign of attachment coefficients is physically justified
(positive), despite the fact that we have used ordinary least squares, and did not enforce the sign of
predictors a priori. Attachment coefficients become larger for aggregations corresponding to larger
particle diameters, in accordance to theoretical expectations [26]. However, the magnitude of the
attachment coefficients is larger compared to theoretical expectation, and this effect could be due to
non-controlled PM size distribution which is to be expected in non-laboratory conditions, and also
differences in number of particles in different size channels that were aggregated.

So as an intermediate conclusion, we can note that the balance equation provided valuable
guidance for choice of predictors, and also that due to understanding of underlying physics we could
inspect and verify the sign of predictors. On the other hand, despite all these advantages, the explained
variance seems low, which makes physical interpretation of model parameters rather approximate.
Furthermore, the relatively low explained variance would negatively influence predictive ability of
the model. Let us now examine possible predictive power of the statistical models developed around
balance equation.

In the further text we will focus on School 1, since during this particular campaign we have
collected more data, and furthermore data gaps in particulate predictors were smaller compared to
School 2. Having sufficient data for training and testing is paramount for developing models and
also for testing them in a meaningful way. Under optimal conditions, stages of model validation,
selection, and predictive errors should be calculated using independent i.e., previously unseen data,
however this is often not possible. For smaller datasets it can easily happen that data is incomplete,
and there could be different ratios of incompleteness for the test and training sets. Best way for doing
cross validation is when it resembles and mimics the way in which model is to be practically used.
This brings issues of optimal training test split, both in terms of amount of data and also temporal
position of the data. Similar issues are encountered in low cost sensor calibration [19,27]. Additionally,
since we are dealing with time series analysis test data will always need to be temporally separated
and have timestamp later in time compared to training data. Thus, to satisfy these requirements of
complete data sets and optimal timestamps of training and test data we opted to use 50-50 training test
split. One additional requirement for the predictive models of small ion concentration is that they
must produce positive output. A way to ensure positive prediction of the statistical model, is to take
logarithm of the concentration when training the model and then to exponentiate the prediction of the
model [25], and this was applied here.

Figure 4 shows comparison of a linear model based on radon and particle aggregates for School 1
and a measurement of small ions. The score metric (R?) on the training set is 0.44 and on test set, it is
0.49. While the model shows similar trend as the measurements it is also evident that it significantly
under predicts small ions concentration. Gaps in the figure correspond to periods where data for
particles was missing.
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Table 3. Linear model based on Equation (6), with radon as a proxy for volumetric rate and aggregated particle channels.
Parameters of The Linear Model Intercept Radon Term Aggrl Aggr2 Aggr3 Aggr4
School 1 parameters 291.6 1.61 -5.08 x 1073 -8.24 x 1073 -5.08 x 107! -4.88 x 10
hool 1 attachment
School 1 attachmen 2.87 x 1077 465 x 1077 2.87 x 107 275 x 1073
ﬁi[cm / s]
Parameters of The Linear Model Intercept Radon Term Aggrl Aggr2 Aggr3 Aggrd Aggr5
School 2 parameters 111.8 1.52 -2.00 x 1073 -6.88 x 1073 -2.08 x 1072 -3.75x 107! -2.29 x 10°
School 2 attachment
R e 1.05 x 1076 3.61 %107 1.09 x 107 1.97 x 1074 120 x 1073

,8,-[cm3 / s]
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Figure 4. Comparison of a linear model based on radon and particle aggregates for School 1 (solid line)
and a measurement of small ions (dotted line). Unit is [#/cm?>]. Training/test score 0.44/0.49.

Let us now examine if ANNs can improve the situation compared to the linear model. If we move
away from a requirement that parameters of the statistical models have simple and precisely defined
physical interpretation, we can bring several improvements to our modeling methodology. Choice of
predictor variables can now become less stringent compared to the linear model that was based on a
balance equation, so we can actually make statistically more justified aggregations of particle channels,
e.g., by using PCA. Since for the linear model aggregation was based on correlation matrices derived
from complete dataset, this could introduce so called “knowledge leak” from training to test data,
and is thus best to avoid it, e.g., by using PCA. Furthermore, when using PCA it is more clear what
amount of variance is left out of the model predictors when reducing the number of particulate matter
related features. For example, first two PCA components explain 62% of the particle channels variance.
The number of neurons in the hidden layer, and the optimal number of input PCA components was
determined in optimization procedure. The most optimal training/test ratio was observed for ANN
that has 4 neurons with ReLU activation function in the hidden layer and uses 2 PCA components
and radon concentration, a total of 3 signals, as input. The optimal ANN model achieved median
absolute error of about 40 ions/cm?® and explained variance of about 0.70. Some additional details
about network architecture, hyperparameters and tuning procedures are given in Appendix C.

Predictive power of the optimized ANN model is illustrated in Figure 5. It seems that the model
now doesn’t significantly under predict small ion concentration, and it improves on the linear model,
despite having smaller number of input predictors. Furthermore, the score on test set is significantly
improved. It also appears that some of the noise introduced by radon measurements is now less
pronounced compared to the linear model output shown in Figure 4. However, it seems that while
the overall trend in small ions concentration is well modelled, the shape of the peaks is not always
preserved. Since final ANN has rather simple architecture and there are no discrepancies between
training and test scores it can be concluded that the model is not overly complex to introduce overfit,
and additionally, training and test datasets are sufficiently complete.
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Figure 5. Comparison of an artificial neural network (ANN) model based on radon and 2 PCA particle
components for School 1 (solid line) and a measurement of small ions (dotted line). Unit is [#/cm?3].
Training/test score 0.69/0.69.

4. Conclusions

In this work, we have studied indoor air quality related to important, but more rarely continuously
measured parameters: small ion concentration and its association with radon and PM concentration in
two elementary schools’ indoor environments. We have analyzed the association using two approaches:
descriptive statistical analysis coupled with linear modelling and artificial neural network predictive
modelling. The following conclusions can be made.

- Descriptive statistics showed that for similar median radon concentrations larger number of
nanosized particles corresponds to smaller number of small ions. This observation is coherent
with the balance equation.

- The linear model derived directly from balance equation allowed estimation of balance equation
parameters. The parameters corresponding to the radon term were similar in both schools,
indicating similar increase in small ion concentration with radon concentration in both schools.
Regarding particulate matter parameters, it was observed that attachment coefficients become
larger for particle aggregations corresponding to larger particle diameters, in accordance to
theoretical expectations. However, these parameters were different in two schools, possibly due
to different air pollution composition.

- The hypothesis that small ion concentration, which may have certain impact on human health
and wellbeing, can be predicted based on radon and particulate matter measurements predictors
was successfully tested.

- Explained variance for the linear predictive model was under 0.5, and for the artificial neural
network (ANN) predictive model with similar predictors was around 0.7. ANN predictive model
has achieved median absolute error of about 40 ions/cm? on test data.

These modelling efforts enable several future work directions and applications that may be of
wider interest for indoor air quality monitoring. Since small ions can be an important part of air
quality consideration, their concentration could be to a certain extent modelled based on several more
easily obtained/measured predictors. We have showed that the ANN model successfully helped
in harmonizing inputs from several instruments of different grade (low cost radon and lab grade
particulate matter monitors) and enabled predictions of small ions concentration of comparable quality
to the lab grade Gerdien type instrument. Furthermore, since the particulate matter concentration
was one of the important predictors, and having in mind recent uptake of low-cost PM monitors, data
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driven solution for estimating small ions concentration based on these sensors as supporting predictors
is an interesting future research topic.
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Appendix A

There are several main physical processes that are involved in changes in SI concentration.
Firstly, SI are constantly created, in pairs, by ionizing radiation that exists in the environment. SI are
continuously created when neutral air molecules are irradiated by cosmic rays or radiations from
natural radioactive materials in soil and air. Neutral air molecules may be ionized into positive ions
and free electrons that are attached to other hydrous or oxygen molecules in air, and in order to become
stable these ions are adsorbed to neutral molecules forming cluster ions.

UV radiation is mainly responsible for ionization of molecules and atoms in high atmosphere, but
it is exhausted at higher levels and doesn’t arrive to lower troposphere [28]. Several natural sources of
ionizing radiation are responsible for air-ion production in the lower troposphere, namely radioactive
gases (particularly 22?Rn and its progenies), radioactive substances at ground level (e.g., natural « and
(3 emitters in the air and soil) and cosmic rays. These three contributions are comparable, approximately
20% of the total surface ionization rate is due to ionization from cosmic rays, and remaining 80% arises
from natural o and 3 emitters in the air and soil.

Air-ion pair generation near the ground varies mostly with the concentration of 2?Rn and
its progenies. The half-life of ??’Rn is approximately 3.8 days and the decay product is an alpha
particle with energy 5.49 MeV. The decay of 2?Rn generates a large number of nitrogen and oxygen
molecular ions (order of magnitude ~10%) per each «-particle. As a consequence, the near-ground
ionization rate caused by background ionization, is about 10 ion pairs/cm3s in continental areas [28].
Within microseconds of the ionization process, primary ions evolve through the process of hydration to
form small cluster ions, also known as small air ions or nano-air ions. This class of air ions can survive
much longer, up to 100 s, depending predominantly on air pollution and air density [22].

While small air ions technically are particulate matter belonging to ultrafine particulate fraction
(albeit only a few nanometers in diameter), it is worth pointing out the following. Small air ions are
electrically charged clusters consisting of several molecules in which ordinarily neutral atmospheric
molecules/atoms have gained or lost electrons. While particulate matter can also be charged, it is
composed of a much larger number of molecules and is thus up to several orders of magnitude larger
in diameter compared to the small ion clusters. Since cluster ions readily attach to particles, it is know
that their concentration decreases sharply within few tens of meters from the road [29], this making
indoor ion sources most significant, which is important to keep in mind for indoor air monitoring.

Sl are also continually being destroyed in a process of recombination, producing neutral molecular
clusters. In addition to the process of recombination, SI can attach to PM. Because of this, a change in
PM concentration directly results in a change in SI concentration. A significant portion of PM in the
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urban environment is a result of human activities, where smaller particles are typically associated with
the process of combustion occurring in vehicles, industrial activities, biomass burning, and similar,
while larger particles are typically due to construction and demolition activities, entrainment of
outdoor dust and similar. The SI balance equation can be used to quantitatively describe the
above-mentioned processes.

Appendix B

Table A1. Description of the instruments used in data gathering campaigns conducted in this study.

Specification Based on Datasheets, Application Notes and Calibration

Instrument Certificates Type of Calibration
Relative standard deviations in total concentration 2.7% NIST traceable using TSI
TSI NanoScan . L e . . . o o
SMPS Model Sizing of the particles: standard deviations in median particle diameter 1.1%  calibration system,
3910 Discrepancy relative to certified size ranges of 20, 60, 80, 200 and 300 nm conducted in test atmosphere
less than 8%. of polystyrene latex particles

Counting efficiency at 0.5 um (90-110%)
TSI Optical Inlet flow: 0.95-1.05 L/min
particle sizer  Sizing of 1 um particles: 90-100%
3330 Allowable range is given in parenthesis, calibration certificate includes traceably
measured single value.

NIST traceable using TSI
calibration system,
conducted in test atmosphere
of polystyrene latex particles

Sampling type: Diffusion

Sensitivity: 1.8 count per minute/kBq/rn3 (4 cph/pCi/L)
Measurement range: 0...2 MBq/m3

Error: £5% within the whole range or smaller

Factory calibration,
instrument class certified by
the US-EPA/NRSB

Radon Scout

Calibrated using Equation (1)
in [22] and Keithley 261
small current generator
(output signal ~10 fA).

Flow tuning was done via
hot-wire anemometer.

Sensitivity of the current measurement is limited by AD converter
Gerdien-type  resolution and amounts 1.6 fA. Using Equation (1) in [22], this value equals
air ion to 2 ions/cm3. Measuring sensitivity is limited by noise induced by various
detector sources (uncertainties of air-flow, calibration, temperature drift, gain error,
etc.) and is experimentally obtained to be +5 ions/cm3.

Particle sizers were manufactured by TSI Incorporated, 500 Cardigan Road, Shoreview,
Minnesota 55126 USA. Radon Scout was manufactured by SARAD GmbH, Wiesbadener Strafle
10, DE-01159 Dresden, Germany. Gerdien-type air ion detector was developed by Institute of Physics,
University of Belgrade, Belgrade, Serbia. The divide between low-cost and lab grade instruments is not
strict, and does not always refer to price of the sensor itself. The line is further blurred by the fact that
low cost sensors may require extensive, i.e., costly (re)calibration efforts. While operating principles of
both type of instruments can be very similar, lab grade instruments are typically characterized by better
implementation of these principles, for example better sampling method, higher quality of the sensors
that allow better temporal resolution etc. and consequently better accuracy. In this paper, all of the
instruments used, except for the Radon Scout (due to instruments sampling method, time resolution,
cost and lack of traceability) could be considered to be lab grade instruments.

Appendix C

There are two classes of parameters of neural networks that can be tuned in order to improve the
predictions. The first class consists of model parameters that are calculated during the process of neural
network training. This is done by optimizing a loss function, which in our case was squared error
(MSE). The second class of parameters are hyperparameters. These parameters define the structure
of the model and need to be defined a priori. Hyperparameters used in this study are shown in
Table A2. Parameter tuning can easily become an exhaustive task, and it is desirable to use simple
models if they can achieve similar accuracy to the more complex ones, in order to keep solution space
more manageable.
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Table A2. Hyperparameters of the artificial neural network model used in this study.

Hyperparameters Minimum Maximum Step Size
Hidden layers 1 2 1
Neurons per hidden layer 1 15 1
Neurons in input layers (Radon + PCA components) 2 5 1
Early stopping Not used
Activation function ‘relu’
Cost function MSE
Solver ‘adam’

Figure Ala shows what happens with the R2 score on training and test data sets when number of
neurons is increased in the hidden layer. It can be observed that only a small network, with 3-4 neurons
results in a balanced training/test score, and that further increase of number of neurons results in
increased test set discrepancy, due to an overfit. This was the reason why no additional layers were
introduced, since this would certainly lead to an overfit, i.e., an ANN model that behaves excellently
on the training data, and very poorly on the test data. Furthermore, similar conclusion can be made by
observing MSE observed on a test set, shown in Figure Alb. The network with two hidden layers had
a greater MSE compared to the simpler one hidden layer network. The simplest models that have
optimal statistics are ANN models with three and four hidden neurons (network architecture and
activation function is shown in Figure A2), with more complex model being slightly better in terms
of R2 score and MSE. MSE is susceptible to outliers, and a more robust statistical measure of model
performance is a median absolute error, which turned out to be around 40 ions/cm? for optimal ANN
models. The explained variance of around 0.70 was from the test set for the optimal ANN models.

Ratio between R2 score: abs(train/test - 1) MSE for different number of neurons on a
1 test set
5
0.5 . A
1 2345678 9101112131415 1 23 45 6 7 8 9101112131415
e | hidden layer 2 hidden layers o] hidden layer 2 hidden layers
(a) (b)

Figure A1. Statistics for different ANN models where several hyperparameters are changed (number
of hidden layers and number of neurons per hidden layer). (a) R2 score training test ratio (b) MSE on a
test set. All models have radon and 2 particulate matter related PCA components as inputs. Figure Alb
uses log10 scale.
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Figure A2. (a) ANN considered in this paper. Optimal model has two PCA components and 4 ReLU
neurons. (b) Plot of a ReLU activation function.
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Abgtract. The subject of this study is the radon concentrations variations,
measured with a nuclear track detectors in a total of 58 premises in all 29 primary schools
of 4 municipalities in the Eastern part of the Republic of Macedonia. Despite a relatively
small territory, the variability of radon concentrations proved to be significant. The
geometric means (geometric standard deviations) of radon concentrations in the examined
municipalities were in the range from GM = 71 Bg/m® (GSD = 2.08) to GM = 162 Bg/m’
(GSD =2.69), while for the entire region it was: GM =96 Bg/m’ (GSD =2.47). The
influence of the geographical and geological features of the school site as well as the
building characteristics on the radon variations were investigated. The analysis showed
that type of municipality, building materials, basement and geology have significant
effects and respectively describe 6%, 16%, 22%, 39% of the radon total variability.

Key words: geology, building characteristics, radon variations.

1. INTRODUCTION

Radon is a natural radioactive gas present in each indoor environment.
Indoor radon concentration (Rn) is subject to large spatial and temporal variations.
The main Rn source is radium that is contained in the soil under the building as
well as in the building materials. In other words, the amount of radon generated in
the terrestrial material depends on the quantity of radium, and how much will
exhale from the surface and further accumulate in the indoor atmosphere depends
on a series of natural and artificial factors. Apart from the radon geogenic potential
and meteorological conditions that affect the radon dynamics, the characteristics of
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the building and the living habits of its inhabitants are also factors that significantly
affect Rn variations.

Many studies have been concerned with the analysis of Rn variations as a
function of a given factor, using different manner for their quantification. These are
usually expressed by the: coefficient of variation (CV)[1, 2] defined as ratio of the
Rn standard deviation to the Rn mean value; geometric standard deviation (GSD)
[3] which describes how spread out are a set of Rn values whose average is
presented by the geometric mean; Pearson's correlation coefficient (R), as a
measure of the linear relationship between two Rn variables; Spearman's rank
correlation coefficient (p), as measure of how well the relationship between two Rn
variables can be described by a monotonic function [4] or by the correlation ratio
(n) [5] which is a measure of the relationship between the Rn dispersion within
individual categories and the dispersion across the whole sample.

A recent study of the GSD values of 81 national and regional Rn surveys has
revealed that the main factors influencing the Rn variations over a territory are:
area of territory, sample size, characteristics of measurements technique, radon
geogenic potential, building construction characteristics and living habits [3].
Furthermore, the factors associated with building construction and livings habits
have a regional character. In a study carried out in 3 different regions of Bulgaria,
is reported that factors effects are in function of geology and geographical position
of the measuring location [4].

Motivated by this, we decided to conduct a survey to examine the factors
that influence radon variations in a relatively small area with a limited number of
measurements. This paper presents the results of that research and compares them
with the ones reported in the literature.

2. MATERIALS AND METHODS
The geographical position of study area is shown in Figure 1. It covering:

one urban (M3) and three rural municipalities (M1, M2, M4) in Eastern part of
Macedonia.

N\

Ml

M2
c)

Fig 1 — a) Geographical position of Macedonia in Europe; b) municipalities location in the country;
¢) Cesinovo-Oblesevo (M1), Karbinci (M2), Kocani (M3), Zrnovci (M4).
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According to geology, the area belongs to a Geotectonic zone named the
Serbo Macedonian Massif bordering with the Kratovo Zletovska volcanic area to
the north and with the Vardar geotectonic zone to the west.

Having in mind that the spatial distribution of primary schools is in
function with the population density, we supposed that the Rn in the schools could
be representative for the whole region [6]. The survey started at the beginning of
the summer semester in January 2016. In each school, two nuclear track detectors
for Rn measurements were installed: in a classroom and an assembly hall. The
criteria for deployment detectors in the classrooms were their location on the
ground floor and that the youngest students (first or second class) stay in them.
Generally, the assembly hall in the schools is also located on the ground floor, so
out the total 58 monitored premises in 29 schools, only two were on the first floor.
At the end of the semester (June 2016), the detectors were collected and sent for
analysis.

The Rn concentration was measured by commercial Gamma 1 detectors
provided and analyzed by Landauer Company, Sweden. This type of detector has
been used in some earlier studies [7-9].

During this field survey, information about the measuring locations was
collected. It included: GPS coordinates, altitude, type of municipality. We also
considered some characteristics of the buildings such as: presence of basement,
total number of the floors, room type and window type. The litho-stratigraphy for
the locations were extracted from the detailed geological map of the country [10].

2.1. DATA ANALYSIS

Characteristics of the measuring locations (further named factors) along
with the measured Rn were analyzed. The Rn data are well fitted with a log normal
function and log transformed values met the criterion for normal distribution. In
the cases where the variance of InRn among certain categorical factors was the
same, the parametric ANOVA and Fisher LSD tests were applied to test the
differences between the mean values. In addition, when the requirement of
homogeneity was not satisfied, the corresponding non-parametric: Kruskal-Wallis
and Mann-Whitney tests were applied. As a measure of the level of association
between InRn and categorical factors the squared correlation ratio (n°) was used,
which was calculated as a decimal number in range between 0 and 1 or as a
percentage.

3. RESULTS AND DISCUSSION

Descriptive statistics of the measured Rn in schools premises of the entire
region and for each municipality separately are given in Table 1.
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Tablel

Descriptive statistic of Rn measured in 58 schools premises of the four municipalities

. . Rn

Statistic All M1 M2 M3 M4
N 58 18 16 20 4
Minimum (Bq/m3) 10 10 16 15 57
Maximum (Bq/m3) 508 508 339 201 137
AM (Bq/m3) 136 223 106 90 104
SD (Bq/m3) 115 148 84 60 36
GM (Bq/m3) 96 162 78 71 98
GSD 2.47 2.69 2.41 2.08 1.49

AM: arithmetic mean; SD: standard deviation; GM: geometric mean; GSD: geometric standard
deviation.

The GM value for Rn that refers to the whole region was slightly higher
than the national value of GM=84Bq/m’ (GSD = 1.9) [11], but it was lower than
the GM =131Bg/m’ (GSD =2.34) published for the Northern and Western
neighboring municipalities [12]. Although the chosen region is in a relatively small
territory belonging to a geotectonic zone, the Rn variations between municipalities
and within them were significant (ANOVA, p =0.02). Rn in the M1 municipality
was higher than in M2 and M3 (LSD, p < 0.05). The Rn in the M4 municipality did
not differ in comparison to the other three municipalities.

The first step in our analysis was to examine the impact of the geographical
characteristics of the measuring locations on Rn variations. The correlations
between: the longitude, the latitude, the altitude and the Rn were not significant. In
addition, Rn were grouped according to the type of municipality. The higher Rn
are related to the rural municipalities and the lower to the urban ones (Table 2). In
Figure 2, the relatively small value of n> = 0.06, indicated the low degree of association
between this factor and Rn. We assumed that its effects are practically related to
the type of school buildings that in our case were bigger and newer in urban areas
than in rural ones. In other words, this factor itself is not independent and can be
overlapping with another factor as has been reported in literature it is sometimes
significant [13] and sometimes not [12].

Table2
Rn measured in rural and urban municipalities
T f municipality N Rn (Bg/m®)
e of municipali
P P Min> | Max’ | GM' | GSD’
Rural 38 10 508 113 2.59
Urban 20 15 201 71 2.08

"Number of measurements, “Minimum, “Maximum, “Geometric mean, *Geometric standard deviation
(dimensionless).
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Fig. 2 — 1* (%) for each categorical factor.

In order to investigate the influence of the geology on the Rn, the measured
data were assigned to litho-stratigraphic units. Rn variations between them (Table 3)
were significant (KW, p =0.014). The analysis of the multiple pairwise Rn differences
between litho-stratigraphic units did not show a strong differentiation in groups. For
example, Rn in the andesite-breccia unit was higher only in comparison to units of
lower river terrace (MW, p = 0.02), proluvial deposits (MW, p = 0.01) and schistous
granite (MW, p=0.04) while differences with other units were not significant.
Similarly, Rn in the schistous granite was significantly lower only in relation to
andesitic tuff and andesite-breccia and so on. The highest value of ° = 39% in
Figure 2 is for the litho-stratigraphic units, indicating the Rn strongest relation with
this factor in comparison to all others. This result was expected, bearing in mind that
the main source of Rn is radon in the soil gas and that its generation and transport
through it are closely related to geology. Different levels of association between Rn
and geology, appeared in the literature. For example, regression based on grouping
by geological units explains R* = 33% of the variation in Switzerland [14] while in
research from the Techa River region (Russia), for association between Rn and
geological factors the value of 1 = 0.32 has been reported [5].

Table3
Statistic of Rn ascribe to litho-stratigraphic units
: N . Rn (Bg/m’)
Litho-stratigraphic units N — 3 1 S

Min Max GM GSD
Amphibole-chlorite schist and metadiabase 2 15 66 31 2.85
Andesite-breccia 8 43 508 236 2.40
Andesitic tuff 2 200 201 200 1.00
Deluvial deposits 2 105 177 136 1.45
Lower river terace 20 21 361 99 1.83
Mica-schist and lepttionolite 4 41 101 69 1.55
Proluvial deposits 12 10 243 70 2.60
Schistous granite 2 16 18 17 1.09

"Number of measurements, “Minimum, “Maximum, “Geometric mean, *Geometric standard deviation
(dimensionless).
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In our study, stone used as a building material was appeared to be another
significant source of Rn. Those buildings made of stone had higher concentrations
in comparison to buildings built of bricks (Table 4). A similar trend has been
obtained in our previous studies [15]. The value for n’ presented in Figure 3 shows
that construction materials describe 16% of the total Rn variability. Detailed
examination of the Rn variability as a function of building characteristics was done
in three regions of Bulgaria where building material was significant only in two
regions (p* =~ 20%).

Table4
Statistic of Rn measurements in buildings grouped by building materials and presence of basement
Rn (Bg/m®
Factor N! 3 3( q/m’) 1 S
Min Max GM GSD
Buildine materials brick 30 16 236 68 2.02
£ stone | 28 10 508 139 2.60
. o no 44 15 508 122 2.19
Presence of basement in the building yes 1 10 137 26 238
"Number of measurements, “Minimum, “Maximum, “Geometric mean, >Geometric standard deviation

(dimensionless).

The next factor that significantly affected Rn variations was the presence or
absence of a basement in the building [16, 17]. From Table 4 it is clearly seen that
the buildings with basement have lower concentrations compared to those without
basement (LSD, p = 0.0002).

It should be noted that the effect of a basement on the Rn in a building is
two-fold: although the Rn on a ground floor above a basement can be comparatively
low (as the room has no ground contact) the Rn in basements themselves are generally
high. Despite the fact that the factor basement is well known and confirmed in
many studies, the level of its contribution in Rn variability is not everywhere the
same. For example in our case, this factor describes 22% of the Rn variability,
while in the previously mentioned Bulgarian study in the continental region of
volcanic geology the contribution was similar to our p> ~ 23%, while in continental
with sedimentary geology it was about p* = 6%.

The effects of the factors: window type, total number of floors, room type on
Rn variations were also investigated. Their influence proved to be not significant,
although theoretically it was expected. For example, more building floors reduce
the pressure gradient, which further reduces the radon emanation from the soil into
indoors, further the new type of windows hermetically sealed the room, making the
natural ventilation much lower compared to the rooms with old wooden windows.
Yet, it is our assumption that other factors prevail over the impact of these factors.
An explanation for the absence of differences between classrooms and assembly
hall is assumed due to their similar usage.
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4. CONCLUSION

The subject of this study was factors affecting Rn variations in schools
premises of 4 municipalities located in Eastern part of Republic of Macedonia.

The geographical position (longitude, latitude, altitude, type of municipality),
geology of the site (lithostratigraphic units) and building characteristics (building
materials, presence of basement, window type, total number of floors, room type)
influence on Rn variation was investigated. The analysis has been showed that the
factors which appeared to have significant contribution in Rn variations are:

(1) lithostratigraphic units which was proved to have the most dominant

influence describing 39% of the Rn variability in the examined region;

(2) basement affected 22% of Rn variation;

(3) building materials allow explanations of 16% Rn variation;

(4) type of municipality that explained 6 % of the Rn variability.

In general, comparison of the results obtained in this study with those
published in the literature confirms that the factors effects on Rn variations are
subject of spatial variability and they should be carefully considered.
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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.

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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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
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 (O3)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 O3. 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 m™>
(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.


http://www.kippzonen.com/Product/12/CMP6-Pyranometer
http://www.kippzonen.com/Product/12/CMP6-Pyranometer
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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~ 2ll0() —0(z)] o)

0(2) [u(z)* + v(2)’]

where g is acceleration due to gravity, 2y is the altitude of the weather
station, 6(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

Journal of Atmospheric and Solar-Terrestrial Physics xxx (2017) 1-10

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 (Jericevic 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 = H_gimatea 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 . 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~Hwas 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™lat
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.



L. Ili¢ et al.

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).

— P sPuw

R= 77’6T+ 3,73-10 Tz

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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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.

RSL = 1002 R 4)
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 from its 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 vy, 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.

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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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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Abstract: Tomato (Solanum lycopersicum L.) is among the economically most important vegetables in Europe, valued for its bioactive
properties due to significant contents of vitamins, carotenoids, and phenolic compounds. In this study, the tomato cultivar Big Beef
F1 was grown in the open field (OF) and under polytunnels in central Serbia during 3 years. Polytunnels were covered with two foils
(both with 57% reduced photosynthetic active radiation, PAR) differing in UV-A and UV-B transmittance. The aim of our work was
to determine the influence of light conditions on accumulation of phytonutrients (carotenoids and phenolics) in the peel and flesh of
ripe tomato fruits. The amount of effective antioxidants, caffeic acid, and quercetin (phenolics with ortho-dihydroxy substitution) in
the peel was the highest in tomato fruits grown in the OF (maximal PAR and UV-A and UV-B radiation). Moreover, the content of leaf
epidermal flavonoids was the highest in the OF. The content of lycopene and B-carotene in the flesh of tomato fruit was higher under
the polytunnel with higher UV-transmittance. Our results showed that selection of the right light conditions (quality and intensity) for
tomato production has a significant effect on the accumulation of beneficial phenolics and carotenoids.

Key words: Phytonutrients, flavonoids, solar radiation, protected cultivation, Solanum lycopersicum L., UV radiation

1. Introduction

Numerous reports on the beneficial effects of natural
antioxidants for human health have drawn attention to food
sources (fruits and vegetables) and means of improving
their nutritional value. Tomato (Solanum lycopersicum
L.) is a high-value crop and one of the most widely grown
vegetables (Sabir and Singh, 2013). According to the Food
and Agriculture Organization (http://faostat.fao.org), in
the period from 2013 to 2014 tomato production in four
Mediterranean countries (Turkey, Egypt, Italy, and Spain)
ranked second in the world, after China. Moreover, tomato
was among the top three vegetables in EU in terms of the
level of production (17.6 x 10° t in 2015; Eurostat, 2016).
The geographical location of Serbia, with a predominantly
moderate continental (north) and Mediterranean (south,
southeast) climate, has proved to be suitable for tomato
production; in 2012 and 2013 Serbia was in the fourth

During the last decade, protected cultivation under
polytunnels increased and became a major production
system for supplying tomato all year round throughout
the world (Peet and Welles, 2005; Boulard et al., 2011;
Sabir and Singh, 2013). However, under glasshouses and
polytunnels photosynthetically active radiation (PAR,
400-700 nm) intensity is attenuated and most of the UV
radiation is excluded (Jansen et al., 2008; Lamnatou and
Chemisana, 2013).

Red tomatoes are a rich source of bioactive compounds,
such as carotenoids and phenolics. The beneficial effects of
carotenoids (lycopene and B-carotene) have been reported
with respect to a wide range of diseases and health
conditions and have been attributed to their antioxidative
and provitamin A activities (Rao and Rao, 2007; Kotikova
et al., 2011). In addition, polyphenolics, a large group
of secondary metabolites in plants, are the subject of
increasing scientific interest due to their importance for

place in tomato production (135,000-155,000 t/year) in
Southeast Europe, after Greece, Romania, and Albania
(http://faostat.fao.org).

* Correspondence: marija@imsi.rs

human health (Del Rio et al., 2013; Zhang and Tsao, 2016),
mostly based on their antioxidative functions (Rice-Evans
et al,, 1997). In plants, phenolic compounds are involved
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in many processes, from growth and development to
flowering, reproduction, and seed dispersion, and in
protection against abiotic stress and pests (Gould and
Lister, 2005; Lattanzio et al., 2006). For example, depending
on their chemical structure and localization at tissue level
(dermal tissues, mesophyll, etc.), phenylpropanoids and
flavonoids can act either as ultraviolet (UV) and/or visible
light attenuators (screeners), or as efficient antioxidants
(Agati et al., 2013).

Although accumulation of secondary metabolites
and especially flavonoids and terpenoids in fruits may be
determined by internal factors (e.g., genetic variation), it
can be triggered by ecologically relevant doses of UV-A
(320-400 nm) and UV-B (280-320 nm) radiation (Jansen
et al.,, 2008; Becatti et al., 2009; Schreiner et al., 2014).
The final effect of UV radiation on accumulation of
phytonutrients depends on the biologically effective dose
applied and/or the spectral quality (Giuntini et al., 2005;
Avena-Bustillos et al., 2012), as well as on interactions
with other environmental factors, such as background
PAR intensity (Neugart et al, 2012). Moreover, the
synergistic effect of UV-A, UV-B, red, and blue light on
the accumulation of phenolics and carotenoids in leaves
and fruits has been observed (Ili¢ et al., 2015; Vidovié et
al., 2015). Therefore, manipulation of light quality and
quantity has opened new possibilities in crop production
for increasing the vyield, antioxidative, nutritional,
organoleptic, and pharmacological value of vegetables,
e.g., by increasing the content of carotenoids and phenolics
(Luthria et al., 2006; Olle and Virsilé, 2013; Bian et al,,
2015).

The aim of our study was to determine how tomato
production in the open field and under polytunnels
differing in PAR, UV-A, and UV-B transmittance
influences the accumulation of lycopene (Ly), p-carotene
(B-Car), hydroxybenzoic and hydroxycinnamic acids
(HBAs and HCAs), and flavonoids in the flesh and peel
of tomato fruits. We hypothesized that different light
conditions would alter the amounts and distribution of
specific phenolics and carotenoids in red tomato fruits of
the cultivar Big Beef F1.

2. Materials and methods

2.1. Experimental site and design

The field experiments were conducted in Svilajnac
(44°13'28"N, 21°11'30"E), in central Serbia, on an organic
vegetable farm during 2013, 2014, and 2015. Tomato was
grown in three different adjacent cropping systems: an
open field (OF), and two typical 2-year-old polytunnels.
The material, orientation, shape, and dimensions of the
polytunnels were the same: 20 m length, 4.5 m width,
and 2.5 m maximal height, but covered with two different
commonly used polyethylene foils in Serbia: F1 (Tim
d.o.o0., Banatski Karlovac, Serbia) and F2 (C605, Suncover
white, Ginegar Ltd., Kibbutz Ginegar, Israel). Both foils
transmitted about 43% of PAR, while UV-A (320-400 nm)
and UV-B (280-320 nm) radiation penetration levels were
different; UV-Bwasalmostcompletely excluded by F2 (Table
1). No supplementary lighting or heating was provided
under the polytunnels. UV transparency of the covering
materials was measured using a PMA 2100 radiometer
(Solar Light Company Inc., Glenside, PA, USA) equipped
with a UV-A detector (PMA 2110) and UV-B biologically
effective radiation detector (PMA 2101). Intensity of PAR
was measured using a PAR Quantum Sensor CE (SKP 215
42474; Skye Instruments, Llandrindod Wells, UK). During
the 3 years of the experiment we monitored PAR, UV-A,
and UV-B transmission properties under the F1 and F2
polytunnels, and no significant changes were observed for
F1 or F2.

Each cropping system had two plots with the same
size (10 x 4.5 m). The experiment was conducted in a
randomized block design with two replicates. All three
cropping systems had the same cultivation history and soil
properties and were placed on a field that had been under
cultivation for at least 50 years before being converted to
organic production of vegetables in 2010. The growing
substrate in all plots was composed of 70% soil and 30%
compost manure, composed of sheep (60%, w/w), pig
(30%, w/w), and chicken (10%, w/w) manure. The soil
composition (upper layer: 0-30 cm) was CaCO, (2%-4%),
organic matter content (2.84%), and total N content in
organic matter (0.14%), while both total P and K contents

Table 1. PAR, UV-A, and UV-B irradiance in three cropping systems (F1, F2, and OF) and transmittance rates (%) of two plastic cover

materials (F1 and F2) used in the experiments.

PAR, UV-A, and UV-B irradiance Transmittance rate, %

OF F1 F2 F1 F2
PAR (umol m~2s) 1816.0 £ 12.9 782.5+19.3 771.5 £ 65.7 431+1.1 42.6 £3.6
UV-A irradiance, (W m2) 452+ 1.8 14.5+0.1 3.7+£0.3 32103 8.1+£0.7
BE UV-B irradiance, (mW m™),, 1639+ 7.8 382122 0.3+0.0 233+14 0.2+0.0

BE, biologically effective.
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were higher than 40 mg/100 g. The soil pH value in H,O
was 7.95 and in 1 M KCl 6.84.

Irrigation was done daily, by the drip system, during
1 h in the afternoon, equally for all plots. According to
organic cropping management, plants in all plots received
only copper sulfate as pesticide, once prior to flowering
and the second time prior to fruit formation. Weeds were
removed manually when required. The average monthly
weather conditions (precipitation; insolation; minimal,
maximal, and mean temperature; cloudiness; and relative
humidity) from February to July 2013-2015 are presented
in Table A1 in Appendix A.

2.2. Plant material and growth conditions

In this study we used the indeterminate Big Beef F1
tomato cultivar, popular among Serbian farmers. Tomato
seeds (Seminis, Monsanto Holland BV, Enkhuizen, the
Netherlands) were sown in plug trays with a peat/perlite
(3:1, v/v) medium in February. Twenty days later, the
uniform seedlings were separated and planted in plastic
pots for another 30 days. In the first half of April, plants
(about 20 cm high) were replanted with uniform spacing
(100 cm within the row and 50 cm between rows) to all
plots in all three cropping systems within the same day.
Six uniform plants per plot, all equally exposed to light,
were randomly chosen for the experiments. At the end of
June, four to seven healthy, fully light-exposed, red-ripe
fruits (RR stage according to Grierson and Kader, 1986)
of uniform size per plant were carefully collected by hand
at around 1400-1500 hours. Shaded leaves and fruits were
carefully excluded from the analyses. Although the average
fruit weight varied among the experimental years, fruits
from the OF were always about 30% lighter than F1 and
F2, while no significant changes were observed between
them (data not shown). Temperature at the fruit and
leaf surface during sampling was similar in all cropping
systems (average: 31.6 + 1.0 °C). Fruits were washed and
wiped, and the flesh and peel (exocarp, approximately
2 mm thick) were excised by razor and separated and
samples that originated from the same plant were pooled
together. The samples of peel and previously homogenized
flesh were freeze-dried and stored at -80 °C for carotenoid
and phenolics analysis.

2.3. Epidermal
measurements
Immediately prior to harvest, total chlorophyll content
(Chl), content of leaf epidermal flavonoids (EpFlav), and
their ratio, the nitrogen balance index (NBI), of the same
plants used for fruit collection were measured in vivo with
the Dualex FLAV (FORCE-A, Orsay, France; see Cerovi¢
et al., 2012 for more details). About ten uniform, fully
developed, and fully daily sun-exposed leaves per plant in
each plot were analyzed.

flavonoids and total chlorophyll

2.4. Carotenoid determination

Following homogenization in liquid nitrogen, carotenoids
from approximately 0.2 gof dry weight (DW) were extracted
according to a modified method described by Davuluri et
al. (2005). All samples were extracted in duplicates. The
main carotenoids, Ly and B-Car, in pooled extracts (three
reextractions) were separated and quantified by HPLC-
PDA (LC-20AB Prominence liquid chromatograph,
Shimadzu, Kyoto, Japan) using a reversed-phase C18
column (5.0 um, 250 x 4.6 mm Luna C18 (2); Phenomenex
Ltd., Torrance, CA, USA) and isocratic elution gradient
composed of 90% methanol and 10% acetonitrile at 25 °C,
according to Olives Barba et al. (2006). Ly and -Car were
identified using standards (Sigma Chemical Co., St Louis,
MO, USA) and quantified by peak area using Shimadzu
LC Solution software (Shimadzu, Kyoto, Japan).

2.5. Phenolics determination

Phenolic compounds were extracted in methanol
containing 0.1% HCl and hydrolyzed in 2 M HCI
for aglycone determination according to Vidovi¢ et
al. (2015). All samples were extracted in duplicates.
Phenolic compounds were identified and quantified from
pooled extracts (three reextractions) using the same
HPLC apparatus as for determination of carotenoids.
For quantification of flavonoids (chalconaringenin and
kaempferol), quercetin was used as standard.

2.6. Statistical analysis

Two-way ANOVA was used to reveal the effects of light
conditions (cropping system, CS) and year (Y) and their
interactions on the carotenoid and phenolics contents
in the peel and flesh of tomato fruits and on the EpFlav,
Chl, and NBI. Tukey’s post hoc test was used to test for
significant differences in the outlined parameters among
cropping systems for both tissue types. Both tests were
conducted with IBM SPSS statistics software (Version
20.0, IBM Corp., Armonk, NY, USA). The significance
threshold value was set at 0.05.

3. Results and discussion

3.1. Chlorophyll and epidermal flavonoid content in the
leaves

In order to monitor the fitness of tomato plants, we
measured total Chl and EpFlav contents and their ratio,
NBI, which is an indicator of C/N allocation changes due
to stimulation of flavonoid metabolism under different
ambient light conditions (Tremblay et al., 2012). Leaf Chl
content was higher in the plants grown in the OF compared
with F1 and F2 in 2013 and 2015, while the opposite was
observed in 2014 (Table 2; significant effects of CS and Y
and their interactions are given in Table B1 in Appendix
B).
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Table 2. Total chlorophyll (Chl) content, epidermal flavonoid (EpFlav) content, and NBI index in the leaves of tomato grown in OF
and under two polytunnels (F1 and F2) during 2013, 2014, and 2015.
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Year and cropping system Chl, mg cm™ EpFlav, g cm™ NBI

2013

OF 36.3+04° 0.93+0.02°¢ 39.2+1.0°
F1 294+03° 0.68 £0.02° 454+1.3°
F2 28.7+0.3*° 0.54+0.01* 53.8+1.8¢
2014

OF 224+08* 0.72+0.02 ¢ 349+1.3*
F1 36.2+09¢ 0.50+0.01° 74.8+2.8°
F2 320+0.7° 0.41+0.01* 75.0£2.9°
2015

OF 31.1+1.1° 0.87+0.05°¢ 40.8+29*
F1 24.1+0.5° 0.53 £0.03° 495+2.7%
F2 23.6+08*° 0.26 +0.01° 95.9+6.1°

Values represent mean + SE (n = 21-30); different letters denote statistically significant differences between different cropping systems

for each year (P < 0.05).

In all 3 years, the highest accumulation of EpFlav was
in the leaves of OF grown plants, compared to polytunnels
with reduced PAR and UV radiation (Table 2). Moreover,
the content of EpFlav was higher in the leaves of plants
from F1 compared to those grown in F2, which received
four times lower UV-A and almost no UV-B radiation.
This is in line with numerous reports on induction of
phenylpropanoids and flavonoids in the leaf epidermis
by UV radiation (Schreiner et al., 2014; Vidovi¢ et al,
2017). Stimulated accumulation of flavonoids in the leaves
can contribute to increased tolerance to strong sunlight
and resistance to pathogens (Lattanzio et al., 2006; Agati
et al., 2013). Moreover, lower NBI in the leaves of plants
grown in the OF, compared with F1 and F2, corresponded
to intraleaf allocation of resources towards flavonoid
metabolism (Meyer et al., 2006).

3.2. Carotenoid accumulation in tomato fruits

Distribution of Ly in the tomato fruit was not uniform: its
content was several times higher in the dried peel compared
with the dried flesh, irrespective of radiation regimes
(Figure 1). This is in line with results reported by Toor
and Savage (2005) for three tomato cultivars. Lycopene
was the major carotenoid in tomato and contributed about
80%-95% to total carotenoids in the peel and 70%-85% in
the flesh, similarly to previously reported results (Dorais
et al., 2008; Kotikova et al., 2011). Only in 2014 was B-Car
lower in the peel compared to the flesh, and the portion of
Ly in the flesh was about 62%, which can be attributed to
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extremely high precipitation and lower insolation in this
year.

The content of Ly in the peel of tomato fruits showed
more variation between the years than among the CSs
(for significant effects see Table B2, Appendix B). On
the other hand, higher accumulation of B-Car in the
peel was observed in the fruits grown under polytunnels
compared to the OF In 2013 and 2015 (sunnier years than
2014) Ly and B-Car contents in the flesh were higher in
fruits from the F1 polytunnel than F2, which transmitted
4 times lower UV-A and almost completely excluded
UV-B radiation. It was shown that the effects of UV
radiation on Ly and B-Car accumulation (stimulative or
inhibiting) depend on intensity, duration, and quality of
light (Giuntini et al., 2005; Dorais et al., 2008; Bian et al.,
2015; Ili¢ et al., 2015). For example, Guintini et al. (2005)
reported a positive effect of UV-B radiation on total Ly
content in one tomato hybrid, while there was no effect
in the other. Furthermore, Kliring and Krumbein (2013)
reported a positive correlation of 3-Car content and PAR
in the whole tomato fruit, without affecting Ly content. On
the contrary, in cherry tomato cultivar Alina, Ly content in
the fruit was higher in the screenhouse, which had 30%-
55% reduced PAR compared to OF, while p-Car content
was unaffected (Leyva et al., 2014).

3.3. Phenolic compounds in tomato fruits
The main HBAs in tomato fruits were protocatechuic
acid (PA), syringic acid (SA), and an unidentified HBA
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Figure 1. Content of lycopene (Ly) and B-carotene (-Car) in the peel (left) and flesh (right) of tomato fruits grown in the OF and under
two polytunnels (F1 and F2) during 2013, 2014, and 2015. Values represent mean + SE (n = 4-5); different letters denote statistically
significant differences between different CSs for each year for peel and flesh (P < 0.05).

derivative (spectral characteristics: peak at 264 nm,
shoulder at 290 nm). The contents of the three HBAs in
tomato peel and flesh were not affected by different CSs in
2013 and 2014 (Figure 2; significant Y and CS effects are
given in Table B2 in Appendix B). However, in 2015 the
peel content of PA and the unknown HBA derivative was
higher in the OF than in the fruits grown in F1 and F2.
Derivatives of caffeic acid (CA), p-coumaric acid (p-
CA), and ferulic acid (FA) were the most abundant HCAs
in the fruits. Similar HCA composition was reported for
other tomato cultivars (Luthria et al., 2006; Anton et al,,
2014). In tomato peel the decrease in CA and FA content
was in correlation with PAR reduction for all 3 years,
since no significant changes were observed between F1
and F2 (Figure 3; for significant CS effects see Table B2 in

Appendix B). No consistent trend in CA, p-CA, and FA
content in the flesh of tomatoes regarding light conditions
was found between the years. These results may suggest
that preferential accumulation of CA and FA in the peel is
a part of acclimation response to direct exposure to solar
radiation, while in the flesh other factors may influence
the composition of HCAs. Similarly to our results for
2013 and 2014, Calvenzani et al. (2015) reported that total
concentration of HCAs in fully ripe tomato fruits was
higher under ambient UV-B than in UV-B shielded fruits.

The main flavonoid aglycones in the Big Beef F1 cultivar
were quercetin (Q), kaempferol (K), and chalconaringenin
(ChN), which was consistent with the flavonoid
composition of other tomato cultivars (Slimestad et al.,
2008; Anton et al., 2014). Independently of the year and

Figure 2. Contents of protocatechuic acid, syringic acid, and unidentified hydroxybenzoic acid derivative (PA, SA, and HBA) in the peel
(left) and flesh (right) of tomato fruits grown in the OF and under two polytunnels (F1 and F2) during 2013, 2014, and 2015. Values
represent mean + SE (n = 4-5); different letters denote statistically significant differences between different CSs for each year for peel

and flesh (P < 0.05).
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Figure 3. Contents of caffeic, p-coumaric, and ferulic acids (CA, p-CA, and FA) and quercetin, kaempferol, and chalconaringenin (Q,
K, and ChN) in the peel (left) and flesh (right) of tomato fruits grown in the OF and under two polytunnels (F1 and F2) during 2013,
2014, and 2015. Values represent mean * SE (n = 4-5); different letters denote statistically significant differences between different CSs

for each year for peel and flesh (P < 0.05).

CS, both Q and K contents were higher in the peel than in
the flesh, while the content of their biosynthetic precursor,
ChN, was almost two times higher in the flesh in all 3 years
(Figure 3). Moreover, in all 3 years, the content of Q was
the highest in the peel of fruits grown in the OF and lowest
in F2, implicating the role of PAR and UV-B radiation in
stimulation of Q biosynthesis. This is in line with higher
content of Q and its glycosides in the peel compared to the
flesh of tomato grown under full solar radiation (Giuntini
et al., 2008).

The HCAs and flavonoids with ortho-dihydroxyl
substitution on the B-ring (e.g., Q, CA) are more efficient
antioxidants than those with one hydroxyl group (K, p-CA)
(Rice-Evans et al., 1997). During all 3 years, peel content of
Q and CA was the highest in the fruits from the OF, while
K and p-CA differentially varied with changes in PAR and
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UV radiation (significant CS effects are given in Table B2
in Appendix B). These results indicate enhancement of
antioxidative capacity of the fruits. Increased HCA and
flavonol accumulation (mostly Q glycosides) by full sun
exposure was observed not only in tomato (Giuntini et
al., 2008; Leyva et al., 2014), but also in the skins of other
fruits, such as apples (Merzlyak et al., 2002) and grape
berries (Martinez-Luscher et al., 2014).

Cultivar-specific and annual variability in polyphenolic
content (HCAs, flavonoids) in tomato fruits grown both
in open fields and under polytunnels and greenhouses
was reported (Chassy et al, 2006; Anton et al.,, 2014).
The interaction of temperature and light quality, quantity,
and duration is the most important factor affecting the
nutritional value (phenolic and carotenoid content) of
tomato (Dumas et al. 2003; Dorais et al., 2008).
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3.4. Conclusions

According to our results, stimulation of beneficial
phytonutrients in tomato fruits is determined not only by
the intensity of solar radiation components, but by other
variable weather conditions as well. In all 3 years of the
study, PAR and UV radiation (both UV-A and UV-B) had
a synergistic effect on the accumulation of dihydroxylated
polyphenols such as CA and Q in the tomato peel.
Furthermore, significant accumulation of EpFlav in the
leaves of plants from the OF and in F1 (compared to F2)
enhanced the overall plant resilience to environmental
conditions during the ripening period. Finally, when
comparing the two polytunnels, we showed that tomato
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Average monthly weather conditions during the experiments in 2013, 2014, and 2015.
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Table A1. Average monthly weather conditions during the experiments in 2013, 2014 and 2015.

Insolation,

Precipitation,

Minimal

Maximal

Average daily

Relative

h mm temperature, °C | temperature, °C | temperature, °C | humidity, % Cloudiness

2013

Feb 38.5 87.4 1.4 7.4 3.8 82 8.1
Mar 117.3 38.1 2.7 11.3 5.7 73 6.6
Apr 206.9 64.3 7.2 20.8 12.7 69 4.5
May 226.5 78.0 10.0 25.1 18.1 68 5.6
Jun 227.0 20.8 13.4 26.2 19.8 75 5.0
Jul 311.0 25.3 15.9 30.3 21.7 66 3.1
2014

Feb 111.9 15.9 0.6 8.1 6.1 73 5.4
Mar 181.9 111.3 1.0 12.0 8.8 75 52
Apr 141.5 185.2 5.2 18.7 12.1 78 6.7
May 212.1 85.4 11.3 24.4 15.6 78 6.2
Jun 240.5 124.6 13.8 26.7 19.4 76 5.0
Jul 243.6 56.0 13.2 32.7 21.6 76 5.0
2015

Feb 110.1 41.1 -1.3 12.6 2.6 78 54
Mar 119.9 46.3 2.0 16.0 6.5 76 6.6
Apr 224.1 115.1 4.0 18.2 11.2 65 5.1
May 213.3 80.3 11.4 22.2 17.6 73 5.1
Jun 244.0 21.5 13.2 26.4 19.7 73 4.7
Jul 333.1 26.7 15.7 28.8 24.4 60 2.3
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Appendix B

Statistical analysis (two-way ANOVA) for the effects of cropping system (CS) and year (Y), and their interactions on NBI,
and on the contents of Chl, EpFlav, carotenoids, and phenolics in the leaves of tomato grown in the open field (OF) and
under two polytunnels (F1 and F2) during 2013, 2014, and 2015 are shown in Tables B1 and B2.

Table B1. Two-way ANOVA results for the effects of CS and Y and their interactions on the contents of Chl and EpFlav, and NBI, in the
leaves of tomato plants.

Trait CS Y CSxY
Chl <0.001 <0.001 <0.001
EpFlav <0.001 <0.001 <0.001
NBI <0.001 <0.001 <0.001

Table B2. Two-way ANOVA results for the effects of CS and Y and their interactions on the contents of phenolics compounds in the
peel and flesh of tomato fruits.

Peel Flesh
Trait

CS Y CSxY CS Y CSxY
Ly 0.3085 <0.0010 <0.001 <0.0010 <0.0010 <0.0010
B-Car <0.0010 <0.0010 0.0928 <0.0010 <0.0010 <0.0010
PA 0.2295 0.0033 0.0265 0.0015 <0.0010 <0.0010
SA 0.6383 0.0063 0.1131 0.3470 <0.0010 0.7814
HBA 0.1414 <0.0010 0.0031 <0.0010 0.0311 <0.0010
CA <0.0010 <0.0010 0.0167 0.0046 0.0106 0.0303
p-CA <0.0010 <0.0010 <0.001 0.0051 0.0242 <0.0010
FA <0.0010 <0.0010 0.0033 0.1045 <0.0010 <0.0010
Q <0.0010 <0.0010 <0.001 <0.0010 <0.0010 <0.0010
K 0.7946 <0.0010 <0.001 0.0259 <0.0010 <0.0010
ChN 0.0013 0.1069 <0.001 0.4057 <0.0010 0.2835

Ly, Lycopene; B-Car, B-carotene; PA, protocatechuic acid; SA, syringic acid; HBA, hydroxybenzoic acid; CA, caffeic acid; p-CA,
p-coumaric acid; FA, ferulic acid; Q, quercetin; K, kaempferol; ChN, chalconaringenin.
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Spatial distribution of radioactive gasses thoron (Tn) and radon (Rn) in indoor air of 9 houses mostly
during winter period of 2013 has been studied. According to properties of alpha decay of both elements,
air ionization was also measured. Simultaneous continual measurements using three Rn/Tn and three
air-ion active instruments deployed on to three different distances from the wall surface have shown
various outcomes. It has turned out that Tn and air ions concentrations decrease with the distance in-

crease, while Rn remained uniformly distributed. Exponential fittings function for Tn variation with
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distance was used for the diffusion length and constant as well as the exhalation rate determination. The
obtained values were similar with experimental data reported in the literature. Concentrations of air ions
were found to be in relation with Rn and obvious, but to a lesser extent, with Tn.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years in several countries of Balkan region i.e., Serbia
with Kosovo, Slovenia, Republic of Srpska and Macedonia extensive
and systematic indoor Rn and Tn surveys have been performed
(Zuni¢ et al., 2001, 2010a; Mili¢ et al., 2010; Gulan et al., 2012;
Vaupotic et al., 2008, 2013; Curguz et al., 2015; Stojanovska et al.,
2013, 2014). Since 2008, in Serbia in the Sokobanja municipality,
a systematic survey on Rn in 26 schools has been started and car-
ried out until 2010 (Zuni¢ et al., 2010b, 2013; Carpentieri et al.,
2011; Zuni¢ et al., 2013; Bochicchio et al., 2014; Bossew et al.,
2014). From 2011 to 2012 this survey has continued and extended
to houses which surrounded schools in the villages of the Soko-
banja municipality, as well as in the Sokobanja town itself (Mishra
etal., 2014). In most of the houses, Tn levels were higher than those
of Rn, as already observed in traditional Japanese houses (Doi et al.,
1994), in Italian buildings made of volcanic material (Bochicchio
et al, 1996) and in cave dwellings in China (Tokonami et al.,
2004; Zhang et al., 2005). Because in such cases the contribution
of Tn to Rn doses may not be simply ignored (Akiba et al., 2010;

* Corresponding author.
E-mail address: kolarz@ipb.ac.rs (P. Kolarz).

http://dx.doi.org/10.1016/j.jenvrad.2016.11.006
0265-931X/© 2016 Elsevier Ltd. All rights reserved.

Tokonami, 2010; Vaupotic et al., 2013), we decided to pay addi-
tional attention to Tn and its spatial distribution, particularly due to
the high indoor Tn concentrations and low Rn concentration in the
dwellings in villages of southern Serbia and Slovenia.

The sources of Rn and Tn are radium and thorium, respectively
in the soil and building materials. Their transport by diffusion and
advection through the porous environment is driven by the con-
centration and pressure gradient, respectively. The relatively short
Tn half-life of 55.6 s compared to the Rn long life of 3.8 days
resulting in different distribution within the indoor environment.
In absence of pressure driven flow, the diffusion process is
expressed with equation (UNSCEAR, 1982):

C(x) = Coet 1)

where ((x) is the Rn or Tn concentration at distance x from the
exhalation surface expressed in m; Cy represents the Rn or Tn
concentration at the surface, L is Rn or Tn diffusion length in m.
Furthermore, the Cy can be expressed due to Tn or Rn exhalation
rate E from the source, D diffusion coefficient (m?s~'); and decay
constant A(s~!) using the relation:

E
Co= 75 (2)

Radioactivity (2016), http://dx.doi.org/10.1016/j.jenvrad.2016.11.006
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Air ions in indoor air are generated mostly by MeV-energy o-
particles produced in radioactive transformations of Rn and Tn and
its short-lived descendants. Since the intensity of all other air
ionizing sources is significantly lower and mostly constant in time,
air ions may serve as confident indicator for spatial and temporal
distribution of 222Rn and 2?°Rn concentrations indoors. The near-
ground ionization rate caused by background ionization of 10 ion
pairs cm~3s~! is considered as a standard in continental areas
(Chalmers, 1967). Ratio of positive and negative small air ion con-
centrations is called coefficient of unipolarity and in clean air is
equal to n/n~ = 1.12 (Horrak, 2001).

In this study we present the experimental results of Rn, Tn and
air ions spatial distribution measurements in indoor environment.
Mentioned values were measured simultaneously at three different
distances from walls in 9 houses during the winter period.

2. Material and methods

For our study nine houses have been selected, 7 in Serbia and 2
in Slovenia (Table 1). The measurements were performed in
December 2014 in closed indoor conditions. In the villages of Serbia
(SRB-#1-5 and SRB-V), Tn concentrations nearby walls and floors
were higher than Rn while in one village in Serbia (SRB-#6) and
two villages in Slovenia (SLO-#1-2), Rn concentrations measured
nearby walls and floor were much higher than Tn. Following
equipment was used for the measurements: two Rad7 (Durridge,
USA) and one RTM 1688-2 (Sarad, Germany) Rn/Tn monitors, and
three Gerdien-type air-ion CDI-06 detectors (Kolarz et al., 2009).
Typical set-up is shown in Fig. 1.

During the measurements, inlets of measuring devices were
fixed at different distances from the walls (from 0.5 to 40 cm) and
about 1 m above the floor. All measurements were in total 24 h long
except in house (marked as: SRB-#3) where measurements lasted
2 h. The measurements were divided in time series of several
minutes.

For quality assurance purpose, the inter-comparison of air ion
and Rn/Tn measuring instruments were performed day before
measurements. The measuring procedure and results are presented
in Kolarz et al. (2016). Standard deviations of the means of
measured Rn concentrations were below to 5%. Also, inter-
comparison of 4 ion counters showed relatively small standard
deviation within 5% which is very satisfactory concerning non ideal
measuring conditions, micro-climatic influence on position of each

Table 1
Name, date of measurements and description of measuring places.

Fig. 1. Typical experimental setup.

counter and overall uncertainty of air ion measurements, which
assures a reliability of the measurements.

3. Results and discussion
3.1. Tn and Rn measurements

The scatter plots of Tn and Rn concentrations measured in all
houses on three distances is presented in Fig. 2. Houses in Serbia are
marked as SRB (SRB-#1 to SRB-#6), while houses in Slovenia are
marked as SLO (SLO-#1 and SLO-#2). Vertical gradient measure-
ments are marked with SRB-V. Because of wide range of measured
concentrations as well in some cases small differences in concen-
trations between the houses for better perception, the results for
Rn and Tn are presented in separate graphs for separated houses.

From this graph, it is obvious that there is no relation between
Rn concentration and distance. This assumption was also confirmed
by statistical test. The calculated correlation coefficient was not
statistically significant at 95% confidence interval. Practically the Rn
mean values at different distance were in the range of measured Rn
fluctuations.

Although measurements were performed in indoor conditions,
the results indicate that the Rn diffusion flow is affected by outdoor

House Village and date of Building material Year of Type of heating, average temperature

ID measurements costruction

SRB-  Bogdinac Fired bricks of clay from Moravica river, concrete floor; 1970 Quartz heater switched on upon our arrival,
#1 25.11.2013. T=15°C;

SRB-  Citluk Fired bricks of clay from Moravica river, concrete floor covered with 1962 Wood — burning stove, fired on upon our arrival;
#2 26.11.2013. a parquetry; T=145°C;

SRB-  Trubarevac (long) Fired bricks of clay from Moravica river, concrete floor covered with 1974 Wood — burning stove, T = 20 °C - 14.6 °C
#3  29.11.2013. a parquetry; (during the night);

SRB-  Trubarevac (short) Wood, straw, mud of red clay “crvenica”, concrete floor with a 1951 Wood — burning stove, T = 14.5 °C;

#4 27.11.2013.
SRB-  Resnik

#5 30.11.2013.
SRB-  Niska Banja

#6 13.05.2014.

parquetry and a carpet;

a parquetry;

Fired bricks of clay from Moravica river, concrete floor covered with 1980

Blocks and concrete, concrete floor covered with a parquetry; 2006

Central heating with radiators, T = 22.8 °C;

No heating, T = 22.5 °C;

SRB-V Sokobanja Concrete basement walls, rammed earth floor; 2002 No heating, T = 17.2 °C;
24.11.2013.
SLO-  Rakitna Brick and concrete, concrete floor covered with a parquet and 1980 Alpine-type oven,T = 18.5 °C;
#1 18.12.2013. carpet;
SLO-  Gorisnica Brick and concrete, concrete floor covered with a parquet and 1977 Central heating, T = 17.2 °C.
#2  16.12.2013. carpet;
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Fig. 2. Scatter plots of Rn (left graphs) and Tn (right graphs) concentrations measured on different distances in 9 houses. The Tn concentrations area fitted by exponential function

fix)=ae X,

air. For example, high temperature and pressure difference be-
tween indoor and outdoor environment cause air movement in-
doors. Also, convection of outer air through the cracks in the walls
and windows is causing the air turbulence inside the room. Due to
relatively long half-life of Rn, all process affected by the air move-
ment contribute to a homogeneous distribution of Rn in the room.

Opposite to this, the correlation between Tn and distance
appeared to be significant (p = 0.013). Indoor air dynamic affects Rn
and Tn in the same way but much shorter half-life of Tn resulting its
high concentration gradient with distance (Fig. 1-right graphs). The
Chi square tests of goodness of fit confirmed that the measured Tn
distribution can be described by the exponential function
fix)=ae " with an interval of confidence of 95%. The exception is
the case of SRB#4 where the Chi square test did not confirm the
exponential distribution. On the same graph the dependence be-
tween Tn and distance was fitted with exponential function.

Thus with combination of Equations (1) and (2) for Tn gradient
can be written:

Tn(x) = et (3)

5
(w]

where E is expressed in Bq m~2s~%, Din (m?s~!)and A = 0.0125s .
Comparing the fitting model with Equation (3) as well as using

the relation L = % we obtained the values for L, D and E for all

houses. The results together with fitting parameters are given in
Table 2. Some Tn concentration measurements deviate from the
exponential fit curve (SRB-#4) due to their measurement uncer-
tainty (which was of order of 30%).

In case of these 4 houses given in Fig. 2 and Table 2, the values of
R? were in range from 0.8676 to 0.9947, which means that the
model applied for example in house SLO-#1 explained 99.47% of Th
variation with distance. It can be seen from the graphs that function
decreasing in the specific condition is equal (the functions are
almost overlapped) but they differ from one another.

In absence of air motion in indoor space, Tn diffusion length is
~3 cm. Tn has a short half-life and corresponding decay constant
A = 0.0125s"" = 4.62 h~! which is higher than typical indoor air
exchange rate (v = 1 h™1). As a consequence, air movement within
the room slightly contributes to Tn distribution over the room,
contrary to Rn. Thus the effective Tn diffusion length could be used
to describe the Tn gradient, but in real conditions it is always longer
than 3 cm as it is in our case.

The effective Tn diffusion length measured in different dwell-
ings given in Table 1 is in the range from 5 to 25 cm (without
SRB#4). The values for L and D obtained in this study were in the
range from experimentally obtained result reported in other
studies. For example, the effective diffusion Tn length reported by
Doi et al. (1994) was 21 cm (corresponds to diffusion coefficient
Drn = 5.4 x 1074 ms~1). Nevertheless, the reason that the Tn values
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Ranges of measured Rn and Tn concentrations together with Tn exponential fitting and calculated diffusion parameters where E - exhalation rate, L — diffusion length, D-

diffusion coefficient.

House ID Mean concentrations at Tn: fitting parameters Tn: Calculated parameters
different distances (Bq m>)
Rn range Tn range R? a (Bq) b(m™1) L (cm) D*1073 (m?s71) E (Bqm?s~!)
SRV-V 353-520 138-812 0.87 694 45 22 0.62 1.93
SRB-#1 11-13 32-192 0.99 210 46 22 0.59 0.57
SRB-#2 66-83 46-213 0.87 193 4.0 25 0.78 0.60
SRB-#3 75-88 28-161 0.99 197 19 5 0.03 0.13
SRB-#4 35-45 91-154
SRB-#5 88-92 33-161 0.98 189 17 6 0.04 0.14
SRB-#6 3830-4901 115-275 0.94 308 46 22 0.59 0.84
SLO-#1 4668-5088 6-85 0.99 88 9.0 11 0.15 0.12
SLO-#2 3849-4625 5-70 0.98 87 9.2 11 0.15 0.12
in SRB#4 did not satisfy criteria for exponential modeling can be 1400
explained by inverted temperature gradient since heating was 1300
switched on after our arrival, so that walls were cold and air was 12001 B : ;
hot causing the forced convection of indoor air. Due to relatively o e I, (10 em)=989 fons/cm’
short time measurements (2 h) in this house temperature of the gllOO ] 2
walls and air did not equalized. 51000
The test of goodness of fit proves that this model can be used for £ 900
the estimation of effective Tn exhalation rate E for each house. The E 800
values obtained for E shown in Table 2, are similar as the values that £ 700 4
usually occur in the literature. The Tn exhalation rates E values in 2
one of the houses of our study were higher than the typical E for soil S 600
1 Bq m? s~! given in UNSCEAR 1982 (Annex D). Also, these values 8 500 I, (85 cm)=735 ions/cm’ I, , (85 cm)=622 ions/cm’
were higher than the values obtained for building materials 'F 400 ;nsmlmenis switehed
examined in laboratory conditions, for instance De With et al. 2 200 their places
(2014) reported E values in range from 0.01 to 0.43 Bq m? s~ On B 500
the other hand, the results of E values obtained from Indian houses -
were higher than ours, whereby Ramachandran and Sathish, 2014 i
reported E in range from 4.19 to 10.68 Bq m? s~ . Therefore, it can 0 —T T T T T T
12:00  12:220  12:40  13:00 13220 1340  14:00

be concluded that the differences in results originating from the
content of Th and porosity of building materials rather than mea-
surement methodology.

3.2. Air ion measurements

Air ion measurements were conducted on every measuring site
but some of them were unsuccessful. Unfortunately, walls are
mostly made of electrostatic materials and coatings. As a conse-
quence they are not electrostatically neutral and thus deflecting or
attracting the air ions and corrupting near-wall air ion measure-
ments. From that reason, only a few air ion gradient measurements
were successful. The most interesting was vertical air ion gradient
performed in house with high Tn concentration in the soil, marked
as SRB-V. During the measurements, we switched instrument
places in order to confirm regularity of the measurements (Fig. 3).

Air ion concentration gradients were obviously the consequence
of Tn gradients. Air ion concentration at the height of 85 cm was
37% lower than at 10 cm while in the case of Tn reduction was 75%
after 40 cm. This kind of results was expected due to additional
ionization of Rn which was uniformly distributed.

In Fig. 4, the horizontal decreasing of air ion concentrations with
distance until 30 cm is presented. Since the ions are produced both
by Tn and Rn (gamma as well), the exponential function with offset
ﬂx):ae””‘+c is used to fit the measurements. We assume that c is
responsible for the ionization that comes from Rn and is homoge-
neously distributed throughout the room, while the ionization
d originating from Tn and decreases exponentially in the same way
as it decreases the concentration of Tn. Due to the fact that only
three distances were measured, the number of degrees of freedom
is zero. Consequently, no test of goodness of fit could be performed.

Time, hh:mm

Fig. 3. Vertical gradient of air ion concentrations at 10 and 85 cm above the earthen
floor.

0\\3’:82059 "*+8225
10000 | T
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£
870 1000
&
|
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Fig. 4. Horizontal decreasing of air ion concentrations measured in SRB#3,6.

However the fit residuals are smaller than the measurement un-
certainties and the coefficients of determination are very high
R? > 0.99, which indicates that the exponential function with offset
can describe the ions concentration. Comparing the results ob-
tained from these three houses SRB-V, SRB-#3 and SRB-#6 domi-
nant ionization closer distances to the wall originates from Tn while
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going toward to the center of the room dominance assumes Rn
alpha particles.

4. Conclusion

During the survey, measurements of the Tn, Rn and air ion
spatial distribution were carried out at different measuring sites
and distances from walls and have shown exponential pattern for
Tn and ions. The effective Tn diffusion length measured in different
dwellings were in the range from 5 to 25 cm. The values for the
effective Tn diffusion lengths and exhalation rates were in the
range of experimentally obtained results reported in other studies.

Air ions concentration gradient from the floor to the center of
the room, as a consequence of Tn decay, was clearly present during
the measurements above Tn rich earthen floor in SRB-V. Similar
results were obtained during the measurements of horizontal
gradients in SRB-#3 and SRB-#6. In a few cases gradients were
absent due to existence of electrostatic forces of insulating surfaces
of the walls.
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Abstract

The UV Index was established more than 20 years ago as a tool for sun protection and health care.
Shortly after its introduction, UV Index monitoring started in several countries either by newly
acquired instruments or by converting measurements from existing instruments into the UV Index.
The number of stations and networks has increased over the years. Currently, 160 stations in 25
European countries deliver online values to the public via the Internet. In this paper an overview of
these UV Index monitoring sites in Europe is given. The overview includes instruments as well as
quality assurance and quality control procedures. Furthermore, some examples are given about how
UV Index values are presented to the public. Through these efforts, 57% of the European population
is supplied with high quality information, enabling them to adapt behaviour. Although health care,
including skin cancer prevention, is cost-effective, a proportion of the European population still
doesn’t have access to UV Index information.

1. Introduction

The potential of natural solar UV radiation to cause detriment has been a matter of concern for many
decades. With respect to sunburn, it was the German physicist Karl Hausser, about 100 years ago,
who started investigations to quantify the erythemal efficiency of UV radiation. During heliotherapy
in the Alps to treat tuberculosis, he observed differences in the efficiency of UV in causing erythema,
as a function of wavelength. In 1918 he started, together with his colleague Wilhelm Vahle, detailed
investigations and succeeded a few years later in deriving the wavelength dependence of human
erythema '. Henceforward it was possible to determine the erythemal efficiency of the sun and any
other source of UV radiation.

For many years, measurements of solar UV radiation were done by spectroradiometers only — like
the pioneering work of P. Bener at Davos - and erythemally effective irradiance was calculated from
these measurements. These sophisticated instruments need experienced operators and intensive
care.
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The need for all-day continuous measurements under all weather conditions at several, often
remote, locations provoked the development of a less expensive, easy to use but accurate,
instrument that can work unattended. The development of the first instrument delivering the
erythemally effective irradiance was started about 1958 by Robertson.? Based on experience Berger *
improved this instrument and several of these so called Robertson-Berger-Meters were installed
from 1973 onward in the USA, Australia and later in Europe. > The spectral sensitivity was similar to
that of human erythema as derived by Coblentz and Stair.® At this time the output was given in “sun
burn units” which correspond to 250 J/m? to 350 J/m? of erythemally weighted dose'” and is close to

the minimal erythema dose for skin type 1®

per hour® equivalent to 210 J/m2.%

. A later output unit was also the Minimal Erythema Dose

The evidence for the increasing number of skin cancer cases ®% '

made it necessary to inform the
public about about the risk from solar radiation. In order to provide easy understandable and useful
information for sun protection and health care, a dimensionless index for the erythemally effective
irradiance was devised 2. Different UV indices were established in several countries. A joint
definition for the UV Index (UVI) was internationally agreed in 1995 under the umbrella of WHO,
WMO and ICNIRP™ using the action spectrum as specified by McKinlay and Diffey '* for weighting:
The UVI is calculated by weighting the measured solar spectrum of global irradiance (in W/(m? nm))
with the standardised erythema action spectrum, integrating from 250 to 400 nm and then dividing
by 0.025 W/m?. This results in a unit-less quantity. For most conditions in Europe the UVI is less than
10. By now a slightly corrected action spectrum was published in CIE S 007/E-1998 and subsequently
ISO 17166:1999 *°, which may lead to slight differences (e.g., less than 2%).® In 2002 the WHO
distributed a colour scheme for visualisation of the UVL' Since its definition, several promotion
campaigns were undertaken (e.g. Intersun by WHO) to make people familiar with the UVI. Necessary
parts of such a campaign are recent UVI values that are easily accessible for the public.'® Health
authorities and people that care about sun protection are often knowledgeable about the conditions
at home. However many people receive a noticeable part of the annual exposure during holidays. *°
With the availability of UVI values at a holiday destination, appropriate advice can be made available.
For almost 20 years such online measurements have been available on the Internet. The financial

Published on 14 August 2017. Downloaded by University of Western Ontario on 15/08/2017 10:23:41.

efforts for this do not only help to avoid illness and suffering but also to avoid costs for medical
treatment. In the meanwhile it could be shown that skin cancer prevention initiatives are highly cost
effective and cost-saving.’’ The changes in the ozone layer, climate change and those complex
interaction in respect to UV radiation °®%, have caused seasonal and local changes (e.g. *%).

Therefore up-to-date information is more important than ever.

In this paper we will provide an overview of UVI measurements in Europe, focusing on those stations
and networks that do online monitoring on the Internet. As the UVI values have to be reliable, we
will also consider the instruments used and the corresponding quality assurance and quality control
procedures. Service radius is used to provide an estimate of the coverage provided by individual
measurement sites. The area of the country or region is divided by the number of measurement
sites. Assuming a circular area, the service radius is the radius of that area.
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2. UV Index monitoring sites

In the following chapter a short summary of UVI monitoring in the European countries (in
alphabetical order) is given. The stations which deliver online UV-Index values to the Internet are
listed in Table 1, together with additional information such as location, instruments and year of start.
Figure 1 shows the locations of these stations. Table 2 summarizes the networks.

Austria: The monitoring network was established in 1996 on behalf of the Federal Department of
Environment. The locations have been selected by an objective method ** and quality assurance was
well defined from the beginning.”* Austria possesses a high alternating topography and is within 4
climatic zones (Oceanic European, Alpine, Pannonian continental, Mediterranean). At the present
time the network consists of 13 stations. At 3 stations a second device is equipped with a shadow
band to measure diffuse irradiance. By taking into account the area of the country (83.879 km?2) each
station covers approximately 6450 km? on average, denoting a service radius of 45 km for each
station. The altitude of stations ranges from 150 m to 3105 m above sea level (asl). Online-
publication of measurements includes two stations from Germany (Munich and Zugspitze) and two
stations from Switzerland (Davos and Weissfluhjoch). A special feature of the website is a map which
shows the spatial distribution of the UVI over Austria. This map is produced by combining
measurements from all stations, clear sky model calculations, digital elevation information, and cloud
attenuation factors derived from high resolution Meteosat pictures every 15 minutes.”® Highest UVI
values at the stations span a relatively wide range although the difference in latitude is only 1.6°. At
Vienna (156 m asl) the UVI may reach values between 7 and 8 while at Sonnblick (3105 m asl) it may
gouptol1l.

Belgium: In contrast to Austria, altitude does not significantly influence the UVI over Belgium. Two
institutions monitor the UVI there. The Royal Meteorological Institute of Belgium (RMI) has been
measuring the UV radiation since 1989 at Uccle in the south of Brussels with a Brewer
spectroradiometer.’® Presently, several instruments run there in parallel. The second institution is
the Royal Belgian Institute for Space Aeronomy (BIRA-IASB) at Brussels which operates another five
stations and is responsible for publication. The website also includes the UVI from Luxemburg (see
below). Each of the Belgian stations is equipped with a multichannel instrument and a broadband
meter which provide one measurement per minute. The stations are relatively homogeneously
distributed over the country. The highest station is Mont Rigi (680 m asl), a skiing and hiking resort in
the vicinity of Mt. Botrange (694 m asl), and the highest Mountain of Belgium. The six Belgian
stations are responsible for an area of 30528 km?, denoting a service radius of 40 km each. There are
no large differences in the UVI on a clear-sky day in summer. For low altitude stations, the highest
UVI values observed during recent years were between 8 and 9. For Mont Rigi, the highest UVI was
up to 9.8.%7 Both institutes measure the UVI also in Antarctica at the Princess Elisabeth Station with a
broadband meter (BIRA-IASB) and a Brewer (RMI) where the UVI may reach a value between 10 and
11 in December. The maximum UVI was 12.3, measured in 2015.

Bulgaria: In February 2015 a multichannel instrument was installed at Stara Zagora %%, in the centre of
the country, just south of the Balkan Mountains and near to the famous tourist attraction, Rose
Valley. Since this time regular measurements of the UV irradiance have been carried out and the
total ozone column is retrieved. The Space Research and Technology Institute plans to start the
determination of the UVI during 2017.
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Croatia: Croatia is a very popular holiday destination, especially famous for its beaches and the
hundreds of islands. About 10 million tourists are welcomed each year. The UVI network consists of
11 stations, equipped with broadband meters, with 6 of them providing UVI values online. The
stations are spread over the whole country including locations close to the beaches and on some
islands (Krk and Solta). Another station, important for tourists, is located in the national park Plitvicka
Jezera, which is well known for its lakes and waterfalls. The highest station (Parg, 863 m asl) is
located in the woodlands north of Rijeka, and the largest city and capital Zagreb has an instrument.
Bringing all 11 stations online would reduce the service radius from 111 km to 81 km.

Cyprus: The island of Cyprus itself belongs geographically to Asia, but culture and economy are
strongly connected to Europe and the Republic of Cyprus is a member of the European Union. An
important branch of economy in Cyprus is tourism. The island is well known for summer vacation but
also for its pleasant climate during winter. Beside the beaches, attractions for visitors are the
historical places but also the high mountain areas up to Mt. Olympus (1952 m asl). These result in
about 14 million guest-nights per year. Apart from short term stays, many Europeans, especially from
the UK, have chosen Cyprus as their secondary residence. One UVI station is located in Akrotiri (a
British air base) and participates in the UVI network of Public Health England (see below). During
summer UVI up to 10 can be measured. This value differs significantly from the highest values
experienced on the British Isles and justifies the efforts of online monitoring.

Czech Republic: Measurements at the solar and ozone observatory in Hradec Kralove by the Czech
Hydrometeorological Institute (CHMI) have a long tradition dating back to the 1960s. UVI monitoring
using a broadband meter started there, and at another station, in 1996. In 2009 a third station was
added. At all locations global and diffuse irradiance is measured. Main attractions for visitors from all
over the world are the capital Prague, cities possessing a core from the middle age as well as the long
traditional spa resorts like Carlsbad. Skiing resorts can be found in the north, west and south-west
and are visited mainly by natives. The stations span a triangle centred to the middle of the country
and provide new data every 10 minutes. Another broadband meter is operated by the Masaryk
University in Brno in the south of the country but it is not yet included in the network. In the near
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future the network will be expanded by a station at Krkonose Mountain (Giant Mountains - about
1400 m asl) in North Bohemia. The establishment of this station will reduce the service radius from
183 km to 159 km. The highest UVI is usually 8, and on rare days 9.

Denmark: In Denmark the UVI is made available online for Copenhagen by the Danish Meteorological
Institute (DMI). Copenhagen is located on the eastern shore of the island of Zealand and partly on
the island of Amager. Measurements at Copenhagen have been made with a broadband meter since
1992. Values are updated every 30 minutes. Beside this instrument there is a Brewer MK IV (since
1992), MK IllI (since 2014) and another broadband meter (UVS-B-T, since 2016) in operation which
ensures high quality data. While the UVI from Copenhagen may be representative for a large part of
the Danish archipelago, which consists of more than 440 islands, the peninsula of Jutland may remain
uncovered depending on meteorological conditions. To overcome this, the online values are
connected to model calculations that use cloud cover information. With that, the UVI distribution
over Denmark is estimated. Altitude is not an issue as the highest hills are around 170 m asl. There
are also other instruments running, e.g. in Greenland, but not online. The highest UVI value in
Copenhagen is of the order of 7.%°
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Estonia: In Estonia there are five stations operated by the Estonian Environmental Agency, which
deliver online values. Broadband meter measurements started in 2000 at the Tartu-Toravere
meteorological station and the network has been expanded over the years. Together with two other
stations it builds a measuring chain in the southern part of the country, whereas one of these
(Parnu), lies on the west coast and the other one on the Island of Saaremaa, around 50 km off shore.
The fourth station is located in the middle of the country. The most northern station is Tallinn which
is also the main region for tourism. The service radius is approximately 107 km. Summer UVI values
can exceed 7.

Finland: Measurements of erythemally effective irradiance using broadband meters started in
1991.%° The online network of the Finish Meteorological Institute started with 6 stations in 1997. A
seventh station was added in 2014. Data is measured with a resolution of 1 minute, the update
frequency being 10 min. The most southerly station on the mainland is located in the metropolitan
region of Helsinki and supports approximately 1.5 million people with real-time values. A second
urban station was established in central Finland (Jyvaskyla Tikkakoski). Another three stations are
located in the southern and central part of the country where most of the population lives. The most
northerly station is Sodankyl3, located just above the northern polar circle where the sun does not
rise around the winter solstice. Measurements have been carried out there since 1989 using a
Brewer MkIl. Another special station is Parainen Utg, located on the island of Utd, which lies half way
between Helsinki and Stockholm, and borders an archipelagoes national park. On average the service
radius is 248 km on the mainland. UVI values as high as 6 and even 7 are reached in the summertime.

France: Meteo-France started UVI monitoring a couple of years ago with broadband meters at three
locations. The devices are located in the southern part of the country. Considering the size of France,
3 stations cannot give an adequate estimate of UVI across the country. Therefore a UVI forecast is
provided to the public instead of measurements. UVI data are collected every hour for climatological
purposes and for validation of the forecast. The highest UVI values during the past years were around
9 to 10. France also has two NDACC stations which record the UVI, but do not provide data online.

Germany: Since 1993, the Federal Office for Radiation Protection (BfS) together with the German
Environment Agency (UBA), the German Weather Service (DWD), and associated institutions
operates the German UV monitoring network.?' Today, the network consists of ten stations which
are located at relevant sites for UV radiation and climate. Significantly, all instruments in the network
are spectroradiometers. Two of the stations are located on islands in the North Sea: Sylt ** and
Norderney. Both are important holiday destinations with about 10 million guest-nights per year. The
most northern station on the mainland is located on the peninsula of Zingst in the Baltic Sea, which is
a popular recreational site too. The highest station is Schauinsland (1205 m asl) in the south-west of
the country where UVI may be of the order of 9 in summer. The lowest summer maximum values are
measured in the densely populated Ruhr-region (Dortmund) with values around 7. The service radius
of one station is around 213 km. BfS informs the public by publishing the maximum UVI of the day. In
case of extraordinary high UVI values, e.g. at low ozone events *, BfS issues a press release. In the
near future, the varying UVI values throughout a day will be presented. Furthermore it is planned to
extend the network with three array radiometers (e.g. one of them at the Zugspitze at about 2660 m
asl) and with about 20 broadband meters.

In the capital Berlin, a manufacturer of a miniature erythema meter (sg-lux, Berlin, Germany)
publishes recent values together with those from a station in Brazil.
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Gibraltar: The most southern station on the European continent is located in Gibraltar, on the
southern end of the Iberian Peninsula. Public Health England operates the device there, because it is
a British Overseas Territory, and more than a quarter of the inhabitants are of British ancestry and
therefore light skinned. The south of the Iberian Peninsula is not only popular for summer vacation
but also a favoured golf destination in winter. The UVI may reach a value of 9 in summer.

Greece: Greece is one of the most popular holiday destinations for Europeans in summer, where
visitors spent a lot of time outdoors either on beaches or on the usually treeless ancient sites. The
National Network for monitoring solar UV radiation was established by the Aristotle University of
Thessaloniki, Laboratory of Atmospheric Physics in 2004 aimed at providing long-term monitoring
over Greece and related services such as the UVI to the local population and visitors.>* Since 2004 a
few stations ceased operation due to technical reasons. Presently, 7 stations are in operation
distributed at locations with different environmental conditions ranging from rural and coastal to
urban. Five stations are located on the mainland and 2 at the islands of Crete and Lesbos. Stations
cover a range in altitudes from 60 to 540 m asl. Measurements are conducted with NILU-UV multi-
filter radiometers. Online publication takes advantage of the multichannel data and provides also
other biologically weighted irradiances. The maximum monthly averaged UVI of about 10 has been
measured at Finokalia while in Thessaloniki and loannina maximum monthly values are about 8.

Hungary: Solar radiation measurements have a long tradition at the Hungarian Meteorological
Service, starting in the 1930s in Budapest and resulting in the longest (homogenized) global radiation
data series in Europe. The Hungarian UV network consists of 5 stations and was established under a
collaboration between the cooperation of the Ministry of Agriculture and the Hungarian
Meteorological Service in 1994.% Agriculture is an important branch of the economy in Hungary, so
that UV-B-radiation is also an important factor for food production.’® The network covers the
recreational region of Lake Balaton by a station on the western end and one on the eastern end. The
station at Budapest (where a Brewer has run in parallel since 1998) delivers the UVI for the urban
region with about 1.7 million inhabitants. One station is also located at a rural site on top of the
highest Hungarian mountain (Mt. Kékes, 1012 m asl). The fifth station (Kecskemet) is located in the
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north of one of the Puszta regions. It is representative of this unique habitat as well as for tourists’
activities there. On average each station represents an area of 18600 km? denoting a service radius
of 154 km. In summer UVI may reach 7 in most of the cases when sky is clear or partly covered and
the ozone content is not extremely high and may exceed 8 in cases of clear sky and very low ozone. It
can reach or exceed 9 in very few cases almost every summer.

Iceland: Currently, two stations are operated by the Icelandic Radiation Safety Authority. One station
is located in the capitael Reykjavik on the west-coast of the island. The second one is located in
Egilsstadir close to Lake Lagarfljot near the east-coast. The highest UVI values of the day are
published on a web-page.

Ireland: UVI monitoring is done in Malin Head, on the Inishowen Peninsula, which is the most
northerly point of the island of Ireland. This meteorological station provides essential data for
shipping traffic. Apart from this site in the Republic of Ireland, another station operates in Belfast in
Northern Ireland. Both stations are equipped with broadband meters and are operated by Public
Health England (see below). In summer, the maximum UVl is usually 7.
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Italy: In Italy UVI monitoring and publishing is done separately by different institutions. In the Aosta
Valley (3262 km?), an attractive tourism region in the north-west of Italy, a network consisting of
three stations was established in 2006 by ARPA (Agenzia Regionale per la Protezione Ambientale)
Valle d’Aosta supported by the regional government. The northern border of Valle d’Aosta is formed
by the highest mountains in Europe like the Matterhorn and Mont Blanc. A special characteristic of
this network is that the stations are geographically close to each other but span a large range in
altitude from 570 m to 3500 m asl. This network is able to communicate the UVI to the public,
especially to the tourists, for the varying environmental conditions from the bottom of the valley *’
up to the glacier ski field of Plateau Rosa where skiing is done also during summer.*® Online values
are updated every 5 minutes. The network allows the altitude effect to be studied *, including the
annual variation of the snow line. At the bottom of the valley the UVI can be 9 for clear sky (10 for
broken-clouds conditions) but it can reach a value of 14 at the Plateau Rosa.

In between Verona and Venetia, the ARPA Veneto has been measureing the UVI in Vicenza with a
broadband meter since 2011. Values are updated every 5 minutes and may reach 9 in summer. In the
near future the ARPA Veneto will install another broadband meter in a mountain place within the
Belluno dolomites.

Another station in Italy is operated by the Institute of Atmospheric Sciences and Climate (ISAC) from
the National Research Council (CNR) in Bologna. An in-house developed narrow-band filter
radiometer *°, which determines the UVI with a temporal resolution of 5 min was installed in 2005.
Data are delivered every 30 min. During summer a UVI of 10 was measured .*" This station may cover
the eastern part of the Emilia-Romagna. The UVI for the famous tourist region of Tuscany is provided
by the Institute of Biometeorology (CNR-IBIMET) in Florence. A broadband meter has been operating
since 2003. The station delivers an update every 15 minutes and could cover the region from Siena to
the Apennines, and from Pisa to San Marino, at least for lowland locations during days with
homogeneous atmospheric conditions. The highest UVI values can be between 8 and 9 during the
summer.*?

Information about the UVI for the metropolitan region of Rome, with around 4 million inhabitants, as
well as the nearby popular seaside locations at the Tyrrhenian Sea is provided by the Physics
Department of the Sapienza University of Rome. Spectral measurements started in 1992 using a
Brewer MKIV spectrophotometer *** and are displayed and updated on the Internet every 30
minutes. A broadband UV radiometer has also been in operation since 2000 located in the same
place close to the Brewer. Another broadband device, installed in Rome by the Italian National
Institute for Environmental Protection and Research (ISPRA) in 2015, delivers a graphical bulletin of
hourly UVI based on erythemally weighted irradiance values measured every 10 minutes. In summer
the UVI in Rome (at both locations) at local noon may reach values in the very high category
(between 8 and 9) under clear sky conditions due to the combined effect of lower total ozone

content and solar zenith angle.*®

The most southerly station is located on the island of Lampedusa, in between Malta and Tunisia. A
Brewer has been operated there by ENEA since 1997 *’, together with an UV multi-filter rotating
shadowband radiometer (UV-MFRSR *%). The UVI at Lampedusa may exceed 10 during the summer.
A large modulation effect is produced at Lampedusa, in addition to clouds *° and ozone, by Saharan
dust events >°, which may produce significant enhancements of the aerosol optical depth. UVI values
are derived from these measurements and are available online.
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Luxemburg: In 1996, the Lycée Classique de Diekirch (LCD) (a secondary school) built up the
meteorological station MeteoLCD. Apart from the usual meteorological parameters, atmospheric
gases (e.g. CO,, NO,), total ozone column, total solar irradiance and UV-A are measured. UVI
measurements are available as an average over the past 30 minutes. Recent and past data are freely
available on the web site. In contrast to many other stations, MeteoLCD is not an official government
financed station, but an ongoing project of the LCD that provides financing for the day to day
operation and equipment, and the Ministry of Education helps in an unofficial manner to pay for
maintenance of the sensors. All work is done graciously by volunteers. The UVI values from Diekirch
are also displayed on the web-page of the Belgium UVI network. By being responsible for Luxemburg
the station has a service radius of 57 km. During summer the UVI may reach a value of 8.

Malta: The Institute for Sustainable Energy of the University of Malta measures solar radiation at its
premises in the village of Marsaxlokk situated ion the south-east coast of the Island of Malta. In
2014, broadband instruments were added to measure the UVI and other parameters others. One-
minute average data are being collected. Although the solar radiation data is online, the UV data is
still not displayed on the Internet. The maximum UVI measured was 11 at around solar noon in

51,52

summer. The service radius of this station is 11 km.

Moldova: Since 2003 the erythemally effective UV radiation has been measured at a station in the
urban environment of the capital, Kishinev city. The Atmospheric Research Group of the Institute of
Applied Physics operates two broadband meters (global and diffuse). The daily radiant exposure is
provided on web-page (but not the UVI). The highest measured value was 12 UVI.

The Netherlands: In the Netherlands, one station delivers online UVI values. The station was
established in 1994 and is equipped with two double monochromator spectroradiometers that run in
parallel. The station is located at the premises of the National Institute for Public Health and the
Environment (RIVM) in Bilthoven, in the centre of The Netherlands, close to Utrecht. The measured
UVI, with a frequency of one per 12 minutes, is show in a graph together with the cloudless sky
forecast. During summer the UVI may lie between 6 and 7: values above 8 have been measured over
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the last 23 years.>® Within a radius of approximately 50 km there is an agglomeration of large cities
(Randstad) like Amsterdam and Rotterdam where about 7 million people live.

>* and was expanded over the years.® Today, the UVI is

Norway: Monitoring started in 1994
measured at nine different stations. Data are updated every hour. The measurements are performed
by the Norwegian Radiation Protection Authority, the University of Oslo, the Norwegian Institute for
Air Research on behalf of the Ministry of Climate and Environment, and the Ministry of Health and
Care Services. The distinctiveness of the Norwegian network is the type of devices used:
multichannel, moderate bandwidth filter instruments, model GUV (Biospherical Instruments, San
Diego, USA). A description of this instrument can be found in Section 3.3. The network covers the
southern part of the country (where most of the people live) up to Trondheim, with 7 stations. On a
few days the UVI reaches a value of 7. The highest location-of the whole network, is Finse (1210 m
asl), a small village reachable only by a railway, which is a tourist attraction as well as a starting point
for hiking, cross country skiing and glacier hiking. The highest ever measured UVI was 10. In addition,
there are two stations north of the Arctic Circle (Andgya and Spitzbergen). The most spectacular
station is located at Ny-Alesund (78.9°N) on the island of Spitsbergen, which is the northernmost UVI
monitoring site in Europe and the third northernmost in the world. The highest UVI measured at Ny-
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Alesund was 3. Besides UVI, there are currently nine other irradiance detectors for the UV and visible
radiation for each location (e.g. Vitamin-D irradiance) with complementary data sets since 1995.

Poland: In Poland two networks exist. One is operated by the Institute of Meteorology and Water
Management - National Research Institute and was established under a project of the State
Environmental Monitoring at the request of the Chief Inspector of Environmental Protection, funded
by the National Fund for Environmental Protection and Water Management in July 1993. Three
broadband meters were placed at selected sites. One station (Leba) is located on the Baltic coast
which is an important site for recreational exposure. UVI may reach values between 6 and 7. The
device in Legionowo provides UVI values for the urban region of Warsaw (summer: 7). Another
monitoring site, representative for outdoor activities like skiing in winter and hiking in summer, is
Zakopane (855 m asl) in the Tatra Mountains where UVI values can reach-around 7 to 8. In 2006
these three sites were equipped additionally with a new broadband meter and a fourth station was
established in the south of Poland (Katovice). However production of this broadband meter and of
spare parts has been stopped so it is uncertain how long the fourth station will continue. The loss of
this station would enlarge the service radius for each station from 315 km to 364 km.

The second network, started in 2012, was expanded over the years and today consists of four
stations (Warsaw, Lodz, and stations near Lublin and Gdansk). It is carried out by the Institute of
Geophysics of the Polish Academy of Sciences. The network uses miniature devices which are part of
low cost weather stations. UVI values are available via the web page of the manufacturer. The core of
the network is the Central Geophysical Observatory Belsk where various broadband meters (since
1975) and the Brewer No. 64 Mark Il (since 1991) *® measured in parallel. UVI is published on a web-
page every 24 hours. In Warsaw, Brewer No. 207 Mark Ill started to operate in 2013. UVI can reach a
value of 8 for a few days each year in Warsaw and Belsk. One purpose of this network is to support
people in antipsoriatic heliotherapy.>’

Portugal: UVI values are collected on two islands (Funchal, Madeira and Angra do Heroismo,
Terceira, Azores) by the Instituto Portugués do Mar e da Atmosfera.®® Online values are available for
the island of Madeira, a year-round holiday destination for around 1 million tourists (mainly from
Germany, UK and Scandinavia) per year. The main attraction for tourists is not the coastal region but
the flora-rich landscape so tourists spend a lot of time walking and hiking up to the highest Mountain
Pico Ruivo (1862 m asl). Because of the location and the resulting climate, UVI and air temperature
are not that closely related to other locations. At moderate temperatures UVI may reach values
around 11 which are comparable to those in the Saharan dessert. UV measurements started in 1989
with a Brewer and have been accompanied by a broadband instrument since 2004.

Russia: Potentially, there are around 20 stations in Russia with Brewer instruments operated by the
Russian Hydrometeorological Service. However no online data are available. Long UVI data series
exists from the Meteorological Observatory of the Moscow State University. The devices have been
running since 1999 * in accordance with WMO standards. The maximum UVI in Moscow during this
period reached 7.7 in June.®

Serbia: UVl measurements have been made in the two largest cities of the country: Belgrade and
Novi Sad ®* since 2009 and 2003, respectively. The station in Belgrade is operated by the Institute of
Physics and provides values for around 1.7 million people. The station in Novi Sad is operated by the
Department of Physics, University of Novi Sad and provides information for around 350000 people.

9
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Both cities are also the most popular tourism destinations in Serbia. Each station is equipped with a
broadband meter. The values on the joint web-page are updated every 30 minutes, but are also
available from other web-pages. The UVI may exceed 9 at both locations.

Slovakia: Measurements of solar UV radiation started in the 1970s with broadband UV-A meters at
stations of the Geophysical Institute of the Slovakian Academy of Sciences.®’ In 1993, Brewer
spectrophotometer measurements were established and daily information about UV radiation has
been provided for mass-media since that time by the Slovak Hydrometeorological Institute (SHMI).
UVI monitoring started in 1997 in Bratislava in a cooperation of the Ministry of Environment and the
SHMI. Over the years the network was expanded and now consists of 5 stations ® located in the
capital (Bratislava), nearby regional centres Kosice and Banska Bystrica, at Poprad-Ganovce (close to
a mountain tourist resort) and Hurbanovo at the Danubian lowland region, rich with sunshine in the
summer. The Institute of the Earth’s sciences provides UV radiation measurements at the Tatra
mountain station Skalnaté Pleso (1778 m asl). Due to past problems with internal network capacity,
measurements are not currently available online. The UVI values exceed 7 from May till August at all
stations under clear-sky condition. The mean hourly UVI values exceeded 8 during low total column
ozone and under cumuliform clouds.

Slovenia: At the present time the Slovenian Environment Agency operates 4 stations equipped with
UV-B broadband meters. The network started in 2014 with its first station in the west of the country
close to the Mediterranean Sea. In the following year a second device was installed at 2512 m asl|,
close to the top of Mt. Triglav (2864 m asl) which is the highest mountain in the country. In 2016
another two instruments started operation. One was mounted in the east of the country (Murska
Sobota-Rakican) and one at the ski resort in Rogla (1496 m asl). Measured UVI values are not yet
provided to the public but are available on request.

Spain: The UVI network operated by Agencia Estatal de Meteorologia (AEMet) has the largest
number of stations. It started in 1995 and currently devices are mounted at 26 locations. 22 stations
are spread over the mainland. The highest location is Puerto de Navacerrada (1858 m asl), a
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mountain pass and skiing resort, in the Sierra de Guadarrama close to the capital Madrid where
another instrument operates. Most stations are in the vicinity of the larger cities so that many of
them are on or close to the coast. The Spanish beaches are attractive holiday destinations for tourists
from all over Europe. After France and the USA, Spain is the most visited country in the world. UVI
values may come close to a value of 11. Apart from the mainland, stations are also located on the
important tourism archipelagos of the Baleares in the Mediterranean Sea (Palma de Mallorca) and
Canary islands. Each of these archipelagos is visited by more than 12 million tourists per year. At the
Canaries there is a station at Maspalomas (Gran Canaria) and two on the island of Tenerife whereas
one station is located at sea level (Santa Cruz), while the other is located at the mountain plateau of
Mt. lzana (2400 m asl). At Palma de Mallorca the UVI may reach a value of 10. At Maspalomas and
Izana, the UVI reaches a value of 11 on 12% and 51% of the days, respectively. The update frequency
of the AEMet network is once per day, displaying the highest values as well as the daily graph of the
past day.

Additionally, southwestern Spain is covered by the regional Extremadura-Andalusia UV network,
which started in 2002 ***® and is currently operated in cooperation with the Universidad de
Extremadura (UEX) and the Instituto Nacional de Técnica Aeroespacial (INTA). The monitored region
covers Extremadura and Western Andalusia with 11 stations equipped with UV broadband
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radiometers measuring erythemally-weighted irradiance. A large range of altitudes is sampled,
varying from sea level (e.g. El Arenosillo station) to almost 2000 m asl at a ski resort (La Covatilla
station). The network reports measured UVI values every 20 minutes via its website, as well as
foreseeable cloud-free-sky maximum UVI values for each day. The highest UVI in summer in the area
is around 9 to 10, with occasional values of 11.

Beside these networks, the Laboratory for Atmosphere and Energy at University of Valladolid has
been measuring erythemally effective UV radiation for more than a decade ® and has been providing
online measurements from a broadband meter since 2014. The highest UVI values in summer are 9
t010.%

Sweden: Several years ago, four stations delivered current UVI values to the public. Today there is
only one station running (Norrképing) but data are not available on the web. The Swedish
Meteorological and Hydrological Institute (SMHI) provides a forecast instead. In summer, the UVI
may be as high as 7.

Switzerland: For Switzerland, UVI values for 5 locations are available. 4 of them are connected to a
network operated by MeteoSwiss. One of these and a fifth station participate in the Austrian UVI
network. Switzerland is an important holiday destination in winter as well as in summer for visitors
from all over the world. Tourism focuses mainly on the alpine region which covers the southern part
of the country. Most inhabitants live in the northern plateau and hill lands. There are several large
lakes within the foothills of the Alps that are important for recreational activities. The network covers
a range of altitude from 366 m (Lago Maggiore) to 3582 m asl (Jungfraujoch) and includes an inner-
alpine valley (Davos) and the region around Lake Neuchatel in the north-west. The service radius is
115 km. A special feature of the network is that direct radiation is measured with a separate
broadband meter at each station. The broadband meters are equipped with a collimating system and
mounted on a sun tracker. Such measurements can be used in conjunction with a 3D-human model
to estimate the personal UV exposure.® UVI during summer can reach values up to about 8 in the
lowland regions (near Lake Neuchatel or Lago Maggiore), slightly higher than 9 at Davos and up to 12
at Jungfraujoch.

United Kingdom: Broadband monitoring started in Chilton, near Oxford, in 1990. In 1995 six stations
were in operation, one of which was in the Republic of Ireland (see above). During the past 4 years
another 6 stations were added, giving Public Health England 12 stations today. One of these stations
is in London (since 2013). In this metropolitan region more than 13.5 million people live within a
radius of 50 km, meaning this station now represents the sun exposure of more people than any
other station in Europe. Further instruments operate in Wales, Scotland and Northern Ireland, plus
the Republic of Ireland (see above). The most northern station is located in Lerwick on Mainland, the
largest of the Shetland Islands. In 2015 the UVI monitoring was expanded to British Overseas
Territories to enable proper sun care for tourists from UK but also for the military staff. One station is
at Cyprus and one is on Gibraltar, both are described above.

A further two stations provide UVI data to the public through the same Internet interface. The
fourteen stations that participate in this network include Reading and Manchester. These are
operated on behalf of the Department of Environment Food and Rural Affairs by the University of
Manchester and the sites provide a much broader suite of data including ozone and a wide range of
meteorological parameters.”’ While at all other locations broadband meters are in use, the UVI at
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Reading (most representative of London from 1993 - 2013) results from a spectroradiometer, while
that at Manchester (since 1997) comes from a multifilter radiometer, supported by spectral UV

irradiance from a Brewer spectrophotometer. The maximum UVI value for the south of the UK is 8.

Figure 1: UV Index monitoring sites in Europe which deliver online values.

3. Instruments and quality assurance

The number of stations where erythemally effective UV radiation is measured has increased over
time. Figure 2 shows the number of stations as a function of time. By the end of 1995, 32 stations
were in operation. With the standardization of the UVI the number increased significantly and is
further increasing. Today, online UVI values are available from 160 locations. At several stations
different instruments run in parallel so that the number of instruments involved in UVI
measurements is higher. The following chapter delivers an overview on the instruments used for UVI
monitoring and the quality assurance and control procedures.
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Figure 2: Number of Stations publishing the UVI on the internet. The different patterns indicate the
portion of different instruments.

3.1 Broadband meters

Most of the stations are equipped with broadband meters. At present, 125 of these deliver online
UVI values. The most common detector is the Model 501 (Solar Light Inc., Philadelphia, USA)
followed by the UVB-1 (Yankee Env. Sys. Inc., Turnters Falls, USA) and by UV-S-A-E-T, UV-S-E-T and
UV-S-E-C (all Kipp&Zonen, Delft, The Netherlands). Beside these, there are a few OPTIX UVEM-6C
instruments in use (which are no longer manufactured), a few Thies Clima Elc (Adolf Thies GmbH,
Gottingen, Germany), a few MS-212W UVB Meters (EKO Instruments CO. Ltd, Tokyo, Japan) which
are restricted to the UV-B range, a miniature meter Model EryCa (sglux GmbH, Berlin, Germany) as
standalone instruments and a few miniature erythema meters as part of a weather station (Davis
Instruments, Hayward, USA). The UVS-AE-T (Kipp&Zonen, Delft, The Netherlands) is used at 4
stations and measures both UV-A irradiance and erythemally weighted irradiance. It is a dual-band
radiometer which has two separate detection systems.

Broadband meters are generally easy to operate. However, there are certain requirements on
calibration and maintenance to ensure reliable measurements. Both have been topics of a variety of
national and international co-operations ¢ " but also as European wide initiatives (e.g. COST Action
713 72, COST Action 726 >7%).
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3.1.1 Properties and Calibration

A broadband meter measures the total irradiance over a certain wavelength range (broad band) and
delivers a single electrical output value S (either voltage or current) which has to be converted into
the UVI by a certain factor cq An appropriate broadband meter for measuring the UVI must have the
same spectral response as the human skin for erythema.™ This is realized by the combination of the
spectral response of the photodetector and the transmission curve of an optical filter. However it is
technically not possible to gain a perfect fit. So, differences remain which vary with wavelength (see
Figure 3). With that, the difference between the erythemally effective irradiance and the output
value of the device depends on the spectrum of the source, in our case the sun. This denotes
Ffurther, this means that the magnitude of the difference changes whenever the spectrum changes.
The solar spectrum at the earth’s surface is mainly influenced by the solar zenith angle (SZA) and the
total ozone content of the atmosphere (O3). Therefore it changes during the day and during the year.
To overcome this, a correction factor c¢,(03,SZA) is necessary that takes both into account.

Another source of error is the angular response of the instrument which must follow a cosine-
function. Deviations need a correction factor c,(SZA) dependent on solar elevation. Temperature
sensitivity c43(T) could be also matter of concern ’*, but is generally solved by an internal heater that
stabilizes the temperature of the device. Humidity (cs(rH)) can also influence measurements.”® A
silica gel reservoir within the device can absorb ingressing water vapour. This reservoir has to be
changed periodically. Deviation from linearity cs(S) is rarely seen because the dynamic range
necessary for the UVI is not that large. Any dark signal Sy also has to be subtracted first. The following
correction formula takes all these factors into account:

Euvi = (S-So) * o * €1(03,SZA) * c(SZA) * ¢3(T) * ca(rH) * cs(S)

For some types of instrument in use (SL501, UV-S-A-E-T, UV-S-E-T and UVB-1) the correction factors
¢5(T), ca(rH), cs(S) can be neglected 7, and therefore are respectively equal to one.

The methods to derive all of these calibration factors are described in detail e.g. by WMO/GAW 7%, As

shown by several international intercomparisons, all these parameters must be proven for each
72,79,80

Published on 14 August 2017. Downloaded by University of Western Ontario on 15/08/2017 10:23:41.

single instrument separately , as there are obvious differences. Each single low cost miniature
erythema meter needs the same care (characterisation, calibration factors, mounting, and
maintenance) as a research grade broadband meter. Otherwise measurements are not trustworthy,
can be incorrect by up to 50% ** and publication would be even counterproductive to health care.
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Figure 3: Relative spectral response of broadband instruments and of the human skin for erythema
according CIE™.

Other biologically effective irradiances can be measured with these broadband meters only if the
corresponding action spectrum is close to the spectral response curve. Otherwise, the calibration
matrix c; cannot be determined with the necessary accuracy. An appropriate action spectrum for the
instruments used is that for Vitamin D photosynthesis.?? The same raw data can be used as for UVI
monitoring but a calibration function is needed which differs in ¢, and .2

3.1.2 Quality assurance and control

The performance of a broadband meter alters with time due to aging of the filter or of the
photodetector. Therefore a detailed schedule for maintenance has to be implemented. A practical
guide for operating was released within the COST Action 726.”” This guide also includes mounting and
data acquisition. To assure high quality UVI measurements, the most important points are:

1) Calibrations should be repeated periodically, typically on a yearly basis.
2) Redundant instrumentation should help with detecting drifts in individual instruments.
3) Silica gel to keep instrument dry, because filters maybe hydrophilic.
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3.2 Spectroradiometers and Spectrophotometers

There are two types of spectral instrument in use for UVI measurements. Common
spectroradiometers (e.g. DTM series from Bentham, Reading, UK) adapted for outdoor
measurements and spectrophotometers type Brewer Mark Il and lll (Kipp&Zonen, Delft, The
Netherlands). These are the most sophisticated instruments, deliver spectral information and correct
operation requires the considerable efforts.

The Brewers spectrophotometers ®* are especially designed for high quality outdoor measurements
of total ozone %, NO, € and UV radiation in a harsh environment. The operators are well organized
e.g. by the WMO-Global Atmospheric Watch Brewer Users Group with periodic meetings, or the
recent COST Action ES1207, and possess detailed QA/QC and calibration procedures.

A common spectroradiometer needs special adaption to be resistant for all day outdoor
measurements e.g. weatherproof input optics ¥ and arrangements to avoid any influences that may
affect the stability of the instruments (e.g. temperature). For spectroradiometers, calibration, and QA
and QC procedures are well defined. ®® ® The portable UV European reference spectroradiometer
QASUME * has been on duty for more than a decade, improved recently to the QASUME Il ° and is
available from the World Radiation Center (PMOD/WRC), Davos, Switzerland.

These spectroradiometers and the Brewers are often in use as a reference instrument for a
broadband meter network. Both instruments can measure any biologically effective irradiance by
simple weighting of the measured spectrum with the corresponding action spectrum.

3.3 Multichannel filter radiometers

In between the broadband meters and the spectroradiometers are the multichannel, moderate or
narrow bandwidth filter instruments.”* Those used for UVI monitoring are the GUV541, GUV511 and
GUV2511 (all Biospherical Instruments, San Diego, USA), NILU-UV (Norwegian Institute for Air
Research, Norway) % and narrowband filter radiometers UV-Rad (ISAC-CNR, Bologna, Italy) ** and
UV-MFRSR ** (Yankee Env. Sys. Inc., Turnters Falls, USA).

Published on 14 August 2017. Downloaded by University of Western Ontario on 15/08/2017 10:23:41.

This type of instrument consists of a cosine-adapted diffuser element as the front optic and one or
multiple sensor elements fitted with stacks of interference- and blocking filters. Instruments are
hermetically sealed and temperature stabilized, which helps to keep the front optic free from snow
and ice. A special case is the UV-Rad instrument, which instead of individual, stationary filter and
sensor elements applies a rotating wheel, which sequentially positions filter stacks above a single
sensor element to make a wavelength scan. By definition, a multichannel filter radiometer has
several channels, in the UV, and sometimes also in the visual and near-infrared part of the spectrum
(e.g. photosynthetically active radiation). Originally, the instrument type was designed to measure
not only UV irradiance but also total ozone (utilizing a pair of channels in the UV-B and UV-A) and
cloud optical depth (UV-A). The retrieval of these atmospheric parameters, in addition to surface
albedo, relies on a characterization of spectral and angular response functions, combined with
radiative transfer modelling to generate look-up tables as a function of SZA.°***%% Different
irradiance data products, based on e.g. health- or plant-response functions, are based on linear

combinations of detector signals and corrections for SZA.%%%5%
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International intercomparisons and harmonisations were carried out °% which resulted in

documents describing calibration and quality assurance procedures ®% ®*, that are similar to those
dealing with broad band instruments and spectroradiometers. This instrument type is robust and

very flexible in offering a large set of data products.

4. Presentation of measurement

The simplest way to publish the UVI is to give a single integer number (or with one decimal). The
number can be coloured as proposed by WHO '/ (e.g. Madeira, Estonia). Some networks use this way
of visualisation in conjunction with a symbolised map of the country to indicate locations (Germany,
Norway, Extramendura-Spain). The presentation can be accompanied by symbols for sun protection
recommendations (e.g. Switzerland).

Another way for visualisation is a plot which shows the daily progress either by providing numbers
(e.g. Croatia) or by a line graph together with a legend that rates the values (e.g. Czech Rep). Another
possibility is to colour the line according to the WHO scale (e.g. Denmark, Hungary, and
Luxembourg). The background of the graph can be WHO-coloured instead (e.g. Tartu-Observatory,
UK, Lampedusa) or the area under the line can be filled by the colour which corresponds to the
plotted UVI values (e.g. Finland, Poland, and Greece). The Belgian network gives such line graphs for
all stations on an underlying map of the country. Bar charts (e.g. Serbia) and WHO coloured bar
charts (e.g. ISPRA,) are also in use to indicate the daily progress.

Plots which show the daily course are often accompanied by a second line that provides a forecast
for the whole day (e.g. Netherlands, Denmark). Such forecasts can be shown for different cloud
coverages (e.g. Hungary). With that it is possible to estimate the further progress of the UVI.
Especially before midday such forecasts provide helpful information for sun protection applications.

The most sophisticated way of presentation is to show the spatial distribution over a region or over
the whole country. This needs a mathematical model and additional information, at least a near real-
time cloud cover distribution and topography.”> An example can be found on the web page of the
Austrian monitoring network (see Figure 4). An additional animation visualises the progress from
sunrise onwards until the recent status.

There are two different strategies for the update frequency. One is to publish the noon value. The
German and the Spanish AEMET-network do it this way for each station. This strategy is based on the
original recommendation that the UVI is the average within a 30 minute period about solar noon.*?

Information technology now enables the provision of real-time values. Therefore the other strategy
is to update values a few times per hour whereas most common are mean values over the past 15
minutes. More frequent updates, like every minute, could be critical as values would vary very
strongly under broken clouds conditions. Such short term updates may not be presented as a single
number but as a line graph or bar chart. Much less frequent updates, like once per hour, lead to
underestimations before noon and to overestimations after noon because changes up to 1.5 UVI per
hour can be observed in Europe under clear sky.
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Most of the networks provide measurements through all the year but several networks restrict the
service to the main period of interest (March to September).

very high

Figure 4: Example for the near real-time distribution of the UV Index gained from measurements at
marked locations (black symbols).

5. Summary

Twenty years after the establishment of the UVI, a proportion of the European population still lacks

Published on 14 August 2017. Downloaded by University of Western Ontario on 15/08/2017 10:23:41.

adequate information about the acute risk of health damage from solar UV radiation in their
countries. UV overexposure is a creeping epidemic and is manifested by severe diseases with long
latency periods. For skin cancer, Gordon and Rowell ?° provided an overview of the estimates of the
direct health system costs for skin cancer in Europe and the cost-effectiveness of interventions for
skin cancer prevention or early detection. It was shown that skin cancer prevention initiatives are
highly cost-effective and are cost-saving. Online UVI values and connected sun protection
recommendations are an appropriate tool not only for skin cancer prevention but also for avoiding
other diseases, such as cataracts, the economic dimensions of which are less well studied. A main
problem in finding financial support for UVI monitoring is that the general health improvement and
cost-savings are not countable from the first day onwards. However, in many countries the
importance was recognized and online information is supported. Currently, in 25 of the 46 European
countries online UVI values are available on the Internet. With that, approximately 32% of the area of
Europe is covered and 57% of the European population can have access to information. As seen in
Figure 1 there are large differences in the spatial coverage. Especially in the east and the south-east,
coverage is lacking.
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The number of instruments delivering online UVI has increased over time (see Figure 2).
Measurements are obtained mainly from broadband meters (75%), partly from multichannel filter
instruments (15%) and less from spectroradiometers (10%). The quality of these instruments and of
the measurements was well studied in the past (see chapter 3). Appropriate quality assurance and
quality control procedures are available and in use to guarantee accurate values.

An important parameter of a network is the distance between the stations. The appropriate service
radius depends on climate and topography. Locations can be selected by objective methods and
spatial representativeness can be calculated.?® In countries with a highly alternating topography the
distance between stations should be shorter than in flat lands. The shortest service radius found was
on the order of 40 km while on average it is around 180 km.

The colour scheme suggested by WHO for the UVI is adopted by most of the institutes as well as the
rating and also the WHO recommendations for sun protection are provided by many web pages.

The radiant exposure is the relevant parameter (rarely the irradiance) for quantifying photobiological
effects. In the case of the UVI, Saxebgl ' has suggested the usage of “UV Index hours” as the
corresponding unit for the erythemally effective exposure. The minimal erythema dose (exposure

necessary to cause a noticeable erythema) is usually given in J/m? or in the arbitrary defined SED *

but can be expressed easily in UV Index hours as 1 UVIh is 90 J/mZ2 *°® In conjunction with the UVI it

would provide an easy way to estimate the maximum time that could be spent in the sun or to select
the minimum sun protection factor.

All of the instruments used possess the potential to deliver the Vitamin D effective irradiance too.
The broadband meters and the multifilter radiometers would need a different calibration factor

while the spectroradiometers need the action spectrum only.®*%

Today Vitamin D effective
irradiance is given in effective Wyyp/m” (e.g. as provided by the Norwegian Network). However it is
questionable if this unit is appropriate for public information because the levels of Vitamin D
circulating in the body cannot be predicted reliably from the effective irradiance. Units similar to
those for the erythema are under discussion.'®® Another perspective for the use of the instruments is

supporting people in antipsoriatric heliotherapy as done in Poland.®’

At present, it is not so easy to find online UV-Index measurements for a certain region or country
(e.g. for a holiday destination) by Internet search engines because of several reasons (language,
names of stations, etc.). In some countries UVI publishing is done by different institutions on
different web-pages. For the future and the further promotion of the UVI and related health care we
propose a European Internet portal that guides users to the different networks. A first approach was
undertaken on the web-page of the COST Action 726 which ended in 2009 (which is now out of date).
For the future consideration should be given to the possibility of increasing the coverage of Europe.

Finally, it should be noted that all web pages provide the UVI values for free.
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Country Station Lat Long Alt Device start
Austria Bad Voslau 47.97 16.20 286 501 1997
Dornbirn 47.43 9.73 410 501 1997
Gerlitzen 46.68 13.91 1526 501 2004
Graz 47.10 15.42 348 501 1997
Gross Enzersdorf 48.20 16.57 156 501 2004
Hafelekar 47.32 11.39 2275 501 2005
Innsbruck 47.26 11.38 577 501 1998
Klagenfurt 46.65 14.32 448 501 1997
Kirchbichl 47.49 12.09 526 501 2016
Linz/Steyregg 48.29 14.35 335 501 1997
Mariapfarr 47.15 13.75 1153 501 1998
Sonnblick 47.05 12.96 3106 501 1998
Vienna 48.26 16.43 153 501 1998
Minchen (D) 48.15 11.57 530 UVS-E-T 2004
Zugspitze (D) 47.42 10.98 2660 UVS-E-T 2004
Davos (CH) 46.80 9.83 1610 501 2006
Weissfluhjoch (CH) 46.83 9.82 2540 501 2009
Belgium 1 Uccle 50.80 4.35 10 MkIl & MKIII 1989
Belgium 2 Uccle 50.80 4.35 120 UVb 1996
Mol 51.22 5.08 75 GUV 2511, UVb 2008
Mont Rigi 50.52 6.08 680 GUV 2511, UVb 2011
Oostende 51.23 2.93 0 GUV 2511, UVb 2006
Redu (Ardennes) 50.00 5.15 450 GUV 2511, EKO 2004
Virton 49.57 5.53 250 GUV 2511, UVb 2007
Croatia Zagreb Maksimir 45.82 15.97 157 Elc 2004
Parg 45.69 14.63 863 Elc 2003
Plitvicka jezera 44.88 15.62 579 Elc 2015
Opatija 45.34 1431 Elc 1997
Crikvenica 45.17 14.69 Elc 2003
Malinska /Krk 45.13 14.53 Elc 1993
Cyprus Akrotiri 34.59 32.99 32 501D + 501A 2015
Czech Hradec Kralove 50.18 15.84 278 501 1996
Republic Kosetice 49.57 15.08 532 501 1996
Kucharovice 48.88 16.09 334 501 2009
Denmark Copenhagen 55.72 12.56 35 UvB-1 1992
Estonia Toravere 58.26 26.46 70 UVS-E-T 2000
Haapsalu 58.96 23.53 1.2 UVS-E-T 2007
Tallinn 59.40 24.60 33 UVS-E-T 2011
Roomassaare 58.22 22.51 1 UVS-E-T 2009
Parnu 58.38 24.48 2.9 UVS-E-T 2012
Finland Sodankyla Observatory / Arctic Res. Center 67.37 26.63 185 501 1997
Sotkamo Kuolaniemi 64.11 28.34 171 501 1997
Kuopio Savilahti 62.89 27.63 107 501 2014
Jyvaskyla Tikkakoski 62.40 25.67 145 501 1997
Jokioinen Observatory 60.81 23.50 113 501 1997
Helsinki 60.20 24.96 48 501 1997
Parainen Uto 59.78 21.37 10 501 1997

Table 1: Networks and stations delivering online UV-Index values to the Internet (Broadband meter; Solar Light
501 (A)nalogue or (D)igital, Kipp&Zonen UVS-E-T. UVS-AE-T, UV-S-B-C, ECO UVb, Yankee UVB-1, Thies Clima Elc, sglux
EryCa, Optix UVEM-6C, Davies Pro2+. Multichannel instruments: Biospherical instruments GUV-511, GUV-541, GUV 2511,
NILU NILU-UV, UV-Rad. Spectroradiometer Type Brewer Mkll, MKIII, MK IV, Spectroradiometer: Bentham DTM150, DTM

300, DILOR-XY)
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Country Station Lat Long Alt Device start
Germany Westerland/Sylt 54.92 8.32 20 DTM300 1995
Zingst 54.44 12.72 5 DTM300 1993
Norderney/Ostfries.Inseln 53.71 7.21 4 DM150 2002
Lindenberg 52.21 14.11 127 DTM300 1995
Liineburg 53,25 10,46 49 DM150 2016
Dortmund 51.53 7.45 100 DTM300 1995
Kulmbach 50.11 11.45 310 DM150 1995
Langen 50.01 8.65 139 DTM300 1993
Minchen/Neuherberg 48.21 11.58 493 DTM300 1993
Schauinsland 47.91 7.91 1205 DTM300 1993
Berlin 52.43 13.54 35 EryCa 2014
Gibraltar Gibraltar 36.15 -5.35 4 501D + 501A 2015
Greece Athens 37.99 23.78 180 NILU-UV 2004
Finokalia/Crete 35.34 25.67 250 NILU-UV 2011
loannina 39.62 20.85 541 NILU-UV 2005
Mytilene/Lesbos 39.11 26.55 80 NILU-UV 2005
Patras 38.29 21.79 70 NILU-UV 2005
Thessaloniki 40.63 22.96 60 NILU-UV 2004
Xanthi 41.15 24.92 75 NILU-UV 2012
Hungary Budapest 47.43 19.18 140 UVS-E-T 1994
Kecskemét 46.97 19.55 127 501 1994
Kékestet6 47.87 20.01 1012 501 1994
Sarmellék 46.69 17.16 120 501 1994
Siofok 46.91 18.04 108 501 1999
Iceland Rekjavik 64.14 -21,93 10 Broadband -—-
Egilsstadi 65.27 -14.40 23 broadband ---
Italy 1 Aosta/Saint-Christophe 45.74 7.36 570 DTM300, UVS-AE-T 2006
La Thuile 45.73 6.97 1640 UVB-1 2006
Plateau Rosa 45.94 7.71 3500 UVS-AE-T 2007
Italy 2 Vicenza 45.53 11.59 44 501A 2011
Italy 3 Bologna, ISAC-CNR 44.52 11.34 30 UV-Rad 2005
Italy 4 Florence 43.84 11.15 45 501 2003
Italy 5 Rome, ISPRA 41.82 12.47 68 UVS-AE-T 2015
Italy 6 Rome, Sapienza Univ. 41.90 12.50 75 MK IV 1992
Italy 7 Lampedusa 35.52 12.63 45 MK III, UV-MFRSR 1997
Ireland Malin Head 55.37 -7.34 19 501D + 501A 1995
Luxembourg MeteolLCD 49.87 6.17 218 501 1996
Moldova ARG IAP, Kishinev 47.00 28.82 205 UV-S-B-C 2003
Netherlands Bilthoven 52.12 5.20 20 DILOR-XY 1994
Norway Blindern 59.93 10.72 95 GUV-511 1994
Oesteraas 59.95 10.60 135 GUV-541 1999
Kise 60.77 10.80 130 GUV-541 1996
Landvik 58.33 8.52 10 GUV-541 1996
Bergen 60.38 5.33 40 GUV-541 1996
Finse 60.60 7.52 1210 GUV-541 2003
Trondheim 63.42 10.40 65 GUV-541 1996
Andoya 69.28 16.02 380 GUV-541 2000
Tromsoe 69.68 18.97 60 GUV-541 1995
Ny-Aalesund 78.92 11.92 20 GUV-541 1995

Table 1 (continued): Networks and stations delivering online UV-Index values to the Internet.
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Country Station Lat Long Alt Device start
Poland 1 Leba 54.75 17.53 2 501 1993
Legionowo 52.40 20.97 96 501 1993
Zakopane 49.30 19.97 855 501 1993
Katovice 50.27 19.02 266 UVEM-6C 2006
Poland 2 Warsaw 52.25 20.94 113 Pro2+ 2012
todz 51.76 19.53 233 Pro2+ 2014
Stary Wiec 54.09 18.32 142 Pro2+ 2016
Kowala Druga 51.22 22.07 185 Pro2+ 2015
Belsk 51.84 20.79 176 UVS-E-T 2005
Portugal Funchal 32.65 -16.89 56 501, MKII 1989/04
Serbia 1 Novi Sad 45.33 19.85 84 UVB-1 2003
Serbia 2 Belgrade 44.86 20.39 94 501 2009
Spain 1 Valladolid, University 41.66 -4.71 705 UVB-1 2014
Spain 2 Almeria Aeropuerto 36.85 -2.38 29 UVB-1 2007
Moguer (El Arenosillo) 37.10 -6.73 45 UVB-1 2003
Badajoz 38.88 -7.02 190 UVB-1 2001
Barcelona 42.38 2.12 95 UVB-1 1999
Caceres 39.47 -6.33 405 UVB-1 2007
Cadiz - Obs. 36.50 -6.25 2 UVB-1 2005
Ciudad Real 38.98 -3.92 628 UVB-1 1999
Cérdoba - Aeropuerto 37.83 -4.85 91 uUvB-1 2006
A Corufia 43.37 -8.42 67 UvB-1 1999
Granada Base Aérea 37.13 -3.28 692 UVB-1 2003
Izafia 28.30 -16.50 2400 UVB-1 2001
Ledn Aeropuerto 42.58 -5.65 916 UvB-1 2007
Madrid, Ciudad Univ. 40.45 -3.72 680 UVB-1 1995
Malaga 36.72 -4.48 61 UVB-1 1999
Mas Palomas 27.83 -15.95 25 UVB-1 2001
Murcia 38.00 -1.17 69 UVB-1 1997
Puerto de Navacerrada 40.78 -4.02 1894 UVB-1 2012
Palma de Mallorca 39.55 2.63 6 UvVB-1 1999
Tortosa 40.82 0.48 44 UvVB-1 1999
Salamanca, Matacan 40.95 -5.50 803 UVB-1 2003
Santander 43.48 -3.80 79 UVB-1 1999
San Sebastian, Igueldo 43.30 -2.03 259 UVB-1 2005
Sta Cruz de Tenerife 28.47 -16.25 31 UVB-1 2006
Valencia Aeropuerto 39.48 -0.47 57 UVB-1 1999
Valladolid 41.65 -4.77 740 UVB-1 1999
Zaragoza Base Aérea 41.67 -1.07 298 UVB-1 1999
Spain 3 Arenosillo 37.10 -6.73 52 UVB-1 1996
Alacala de Guadaira 37.34 -5.83 72 UVS-E-T 2013
Algeciras 36.14 -6.73 30 UVS-E-T 2013
Cérdoba 37.90 -4.78 144 UVS-E-T 2013
Marbella 36.51 -4.87 10 UVS-E-T 2013
Badajoz 38.88 -7.01 199 UVS-E-T 2001
Caceres 39.48 -6.34 397 UVS-E-T 2001
Covatilla 40.36 -5.69 1965 UVS-E-T 2008
Fuente de Cantos 38.24 -6.30 582 UVS-E-T 2007
Orellana 39.00 -5.53 323 UVS-E-T 2007
Plasencia 40.06 -6.04 372 UVS-E-T 2004

Table 1 (continued): Networks and stations delivering online UV-Index values to the Internet.
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Country Station Lat Long Alt Device start
Switzerland Payerne 46.81 6.94 491 501 1998
Jungfraujoch 46.55 7.99 3582 501 1996
Davos 46.81 9.84 1610 501 2003
Locarno 46.18 8.78 366 501 2000
UK Chilton 51.58 -1.32 135 501 1990
Camborne 50.22 -5.33 81 501 1993
London 51.50 0.12 40 501 2013
Swansea 51.61 -3.98 24 501 2013
Leeds 53.85 -1.61 157 501 1992
Belfast 54.60 -5.83 31 501 2013
Inverness 57.47 -4.19 34 501 2013
Lerwick 60.14 -1.18 80 501 1993
Reading 51.44 -0.94 66 DM150 1993
Manchester 53.47 -2.23 76 DM150 1997

Table 1 (continued): Networks and stations delivering online UV-Index values to the Internet.
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Austria 10-30 min M/G/S WHO Y D/E

P: Federal Department for Environment

R: M. Blumthaler

O: Land Niederosterreich; ZAMG, Vienna ; Observatorium Kanzelhéhe, University Graz;
Amt der Steiermérkischen Landesregierung; Universitéat fir Bodenkultur, Vienna;
Sektion fur Biomedizinische Physik, Medical University Innsbruck; CMS Schreder, Kirchbichl;
Amt fiir Natur- und Umweltschutz, Land Oberosterreich; WG Environmental Health, VUW
Vienna; Meteorologisches Institut, University Munich; Forschungsstation
Schneefernerhaus; WRC-PMO Davos

web: www.uv-index.at

Belgium 1 30 min G other N NL/F/E/D

P: Federal service for scientific affairs

R: H. De Backer

O: Koninklijk meteorologisch Instituut

web: http://www.meteo.be/meteo/view/en/522044-UV .html

Belgium 2 1 min T WHO Y E

P: Federal service for scientific affairs

R: D. Bolsee

O: BIRA-IASB, Brussels

Web: http://uvindex.aeronomie.be

Croatia 10 min T WHO N E

P: Meteorological and hydrological institute of Croatia; City of Crikvenica; City of Malinska; National
park Plitvicka jezera; City of Opatija

R: D. Tomsic

O: Meteorological and hydrological institute of Croatia

web: http://vrijeme.hr/aktpod.php?id=uvi

Cyprus 5 min G WHO Y E

P/O: Public Health England

R: J. B. O'Hagan

web: https://uk-air.defra.gov.uk/data/uv-index-graphs

EZ‘;E’;“C 10 min GIS WHO Y cz

P/O: Czech Hydrometeorological Institute

R: L. Metelka

Web: http://port_al.c_hmi.cz/aktualni-situace/aktualni-stav-pocasi/ceska-republika/ozonove—a-uv-
zpravodajstvi

Denmark 30 min GIS WHO N DK

P/O: Danish Meteorological Institute

R: P. Eriksen, N. Jepsen

Web: www.dmi.dk/vejr/sundhedsvejr/uv-indeks

Estonia 1 min G/S WHO Y EE/E/RU

P: Republic of Estonia, Ministry of the Environment

R: K. Nurmela

O: Estonian Environment Agency, KAUR

web: www.ilmateenistus.ee/ilm/iimavaatlused/uv-indeks/

Finland 10 min G WHO N FI/SV/E

P/O: Finnish Meteorological Institute

R: A. Aarva

web: http://en.ilmatieteenlaitos.fi/uv-index (EN)

Table 2: Descriptions of networks and stations delivering online UV-Index values to the websites (Presentation:
M: spatial distribution, G: Graph, S: single value, T: table, P: Purchaser/Financer, R: Responsibility, O: Operator).
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Germany 1 1 day G/S other / WHO n D

P: Federal Office for Radiation Protection

R: H. Sandmann

O: Institute for Med. Climatology of Kiel University; German Environment Agency; Trade Supervisory
Office Hildesheim; German Weather Service; Federal Institute for Occupational Safety and
Health; Bavarian Environment Agency; Federal Office for Radiation Protection;

web: www.bfs.de/DE/themen/opt/uv/uv-index/aktuell/aktuell_node.html

Germany 2 5 min G other N D/E

P/O: sglux GmbH

R: T. Weiss

web: www.sglux.de

Gibraltar 5 min G WHO Y E

P/O: Public Health England

R: J. B. O'Hagan

web: https://uk-air.defra.gov.uk/data/uv-index-graphs

Greece 20 min G WHO Y GR/E

P: General Secretariat for Research and Technology, Greece

R: A. F. Bais

O: Laboratory of Atmospheric Physics, AUTH (M. Zempila and K. Garane)

web: http://www.uvnet.gr/content/stationDetails.php?id=9&time=0&p=UV_INDEX

Hungary 1-10 min G other Y H/E

P: Ministry Of Agriculture

R: Z. Téth

O: Hungarian Meteorological Service

web: http://met.hu/en/idojaras/humanmeteorologia/uv-b/

Iceland 1 day S other n Ice

P/R: -

O: Icelandic Radiation Protection Authority

web: uv.gr.is

Italy 1 5-15 min G WHO Y |

P: Regional government of Aosta Valley

R: H. Diémoz

O: ARPA Valle d’Aosta

web: www.uv-index.vda.it

Italy 2: 5min G/S WHO N |

P/O: ARPAYV (Veneto Regional Agency for environmental protection and prevention)

R: G.Lorenzetto, L.M. Belleri

web: h_ttp://www.arpa.veneto.it/temi-ambientali/agenti-fisici/radiazioni-ionizzanti/radiazioni-uv/dati-in-
diretta

Italy 3: 30 min G WHO N I/E

P/O: ISAC-CNR

R: Petkov

web: http://www.bo.cnr.it/meteo.html

Italy 4: 15 min G WHO Y I/E

P: National Research Council

R: G. Zipoli & D. Grifoni

O: Institute of Biometeorology

web: http://www.lamma.rete.toscana.it/en/weather-stations-data

Table 2 (continued)
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Italy 5: 10 min G WHO N |

P/O: ISPRA, Acoustics Group, Physical Agents Unit

R: S. Curcuruto

web: h_ttp://vx{ww.agentifisi_ci.i_sprambient_e.it/radigzi<_)ni-ottiche/_radiazioni-uv-60/monitoraggio-
giornaliero-della-radiazione-ultravioletta/l-indice-uv-orario.html

Italy 6: 30 min G WHO Y |

P/O: Physics Dept., Sapienza University of Rome

R: A. M. Siani

web: http://www.gmet.eu/

Italy 7: 20min G WHO N I/E

P: ENEA (Lampedusa)

R: A. G. di Sarra

o Laboratory for Observations and Analyses of Earth and Climate, ENEA (A. laccarino, D.
Sferlazzo)

web: http://www.lampedusa.enea.it/dati/uvindex/

Ireland 5 min G WHO Y E

P/O: Public Health England

R: J. B. O'Hagan

web: https://uk-air.defra.gov.uk/data/uv-index-graphs

Luxembourg 30 min GIT other Y E

P/O: Lycée classique Diekirch

R: F. Massen

web: http://meteo.lcd.lu/today_01.html

Moldova 1 min GIT D E

P: Institute of Applied Physics(IAP)

R: A. A. Aculinin

O: Atmospheric Research Group(ARG), IAP

web: http://arg.phys.asm.md/

Norway 60 min G/IT WHO Y NO/E

P: Ministry of Climate and Environment
Ministry of Health and Care Services

R: B. Johnsen, T. Svendby, A. Dahlback
NILU; Phys. Depth, University of Oslo; Norwegian Radiation Protection Authority (NRPA);

o: Bioforsk Jst, Kise; Gfeophyg Inst., Univer§ity of Bergen; Finse Res. Center/Univ. Of Oslo;
Inst of Phys, Norwegian University of Science and Technology; ALOMAR Observatory;
Norwegian Polar Institute

web: www.nrpa.no/uvnett

Netherlands

12 min G other Y NL

P: National Fund for Environmental Protection and Water Management

R: P.N. den Outer, E. van Putten, H. Slaper

O: National Institute for Public Health and the Environment

web: http://www.rivm.nl/en/Topics/U/UV_ozone_layer_and_climate/current_UV_level

Poland 1 5 min G WHO N PL
P: National Fund for Environmental Protection and Water Management

R: J. Biszczuk-Jakubowska, A. Curyto

O: Institute of Meteorology and Water Management - National Research Institute

http://www.pogodynka.pl/indeksuv

Table 2 (continued)
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Poland 2 1 min S other N E/PL
P/O: Institute of Geophysics PAS

R: J. Krzyscin, P.Sobolewski, J.Jarostawsk

web: www.weatherlink.com/user/igfpan/index.php?view=summary&headers=1

www.weatherlink.com/user/davis3/index.php?view=summary&headers=1
www.weatherlink.com/user/cog2/index.php?view=summary&headers=1
www.weatherlink.com/user/davis4/index.php?view=summary&headers=1

Published on 14 August 2017. Downloaded by University of Western Ontario on 15/08/2017 10:23:41.

uvb.igf.edu.pl
Portugal 10 min S WHO N PT/E
P/O: Instituto Portugués do Mar e da Atmosfera
R: V. Prior
web: ftp://uvb:20bvu14@ftpserver.meteo.pt/UVBFUNC/CurrUVB.html
Serbia 1 10-30 min G/S WHO Y Serb
P/O: Department of Physics, Faculty of Sciences, University of Novi Sad
R: Z. Mijatovic
web: http://cmep-serbia.df.pmf.uns.ac.rs/index.php?option=com_wrapper&ltemid=54
http://uv-srbija.rs/UVIndeks/lzmereneVrednosti/NoviSad
Serbia 2 30 min G/S N Serb
P/O: Institute of Physics Belgrade, Serbia
R: P. Kolarz
http://www.weather2umbrella.com/sr/uv-indeks-beograd-danas/eta/9/319
web: http://uv-srbija.rs/UVIndeks/lzmereneVrednosti/Beograd
http://uranus.ipb.ac.rs/~uvif/
Spain 1 5 min G OTHER Y Sp/E
P: Univ. of Valladolid/Spanish Ministry (MINECQ), Spanish Research and Economy Ministry
R: J. Bilbao, A. De Miguel
O: Atmosphere and Energy Laboratory UVA
web: wwwh5.uva.es/laten
Spain 2 1 day G/T/S WHO Y Sp
P: AEMET
R/O: Area of Atmospheric Observation Networks
web http://lwww.aemet.es/es/eltiempo/observacion/radiacion/ultravioleta?datos=mapa
Spain 3 20 min M/G WHO N Sp
P/O: Instituto Nacional de Técnica Aeroespacial (INTA)
Departamento de Fisica, Universidad de Extremadura
R: J. M. Vilaplana Guerrero, M. Cancillo Fernandez
web: aire.unex.es/uvi
Switzerland 15 min G WHO N D/F/
P: Federal Department of Home Affairs
R: L. Vuilleumier, J. Grébner
O: Federal Office of Meteorology and Climatology MeteoSwiss, PMOD/WRC Davos
web: http://www.bag.admin.ch/uv_strahlung/10652/10683/index.html
UK 5-30 min G WHO Y E
P: Public Health England; Department of Environment Food and Rural Affairs
R: J. B. O'Hagan; A.R.Webb
O: Public Health England; University of Manchester
web: https://uk-air.defra.gov.uk/data/uv-index-graphs

Table 2 (continued)

36


http://dx.doi.org/10.1039/c7pp00178a

Journal of Environmental Radioactivity 164 (2016) 337—343

Contents lists available at ScienceDirect

Journal of Environmental Radioactivity

journal homepage: www.elsevier.com/locate/jenvrad

Novel method of measurement of radon exhalation from building
materials

@ CrossMark

A. Awhida ?, P. Uji¢ ™7, I. Vukanac °, M. Purasevi¢ ®, A. Kandi¢ °, I. Celikovi¢ ®, B. Lonéar ¢,
P. Kolarz ¢

2 Faculty of Technology and Metallurgy, University of Belgrade, 11000 Belgrade, Karnegijeva 4, Serbia
b Institute of Nuclear Sciences “Vinca”, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia
€ Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Zemun, Serbia

ARTICLE INFO ABSTRACT

Article history:

Received 28 April 2016
Received in revised form
6 August 2016

Accepted 6 August 2016

In the era of the energy saving policy (i.e. more air tight doors and windows), the radon exhaled from
building materials tends to increase its concentration in indoor air, which increases the importance of the
measurement of radon exhalation from building materials. This manuscript presents a novel method of
the radon exhalation measurement using only a HPGe detector or any other gamma spectrometer.
Comparing it with the already used methods of radon exhalation measurements, this method provides
the measurement of the emanation coefficient, the radon diffusion length and the radon exhalation rate,
all within the same measurement, which additionally defines material's radon protective properties.
Furthermore it does not necessitate additional equipment for radon or radon exhalation measurement,
which simplifies measurement technique, and thus potentially facilitates introduction of legal obligation
for radon exhalation determination in building materials.

Keywords:

Radon exhalation
Building materials
Radon diffusion length

Radon diffusion coefficient
Radon emanation

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Radon (further on referring to 2*2Rn) is the greatest source of the
public exposure to radiation. More than 50% of the radiation dose
received by the general population is a consequence of the expo-
sure to radon i.e. to its progenies. Namely, the radon itself is a noble
gas and the most of the inhaled radon in human lungs is also
exhaled. However, the radon progenies are metals by its chemical
nature and they attach to the surface of the lungs where its
destructive damaging potential due to radioactive decay is the most
prominent. As a short-lived and also alpha radioactive, 2*Po and
218pg, attached to the lungs, give the epithelial layer of the bronchi a
substantial radiation dose (BEIR VI, 1999; Ferlay et al., 2007; WHO,
2009). Ergo, the radon is responsible for between 3% and 14% of
lung cancer death, being proved to be the second main cause of the
lung cancer after smoking (WHO, 2009).

As a primordial radionuclide 238U is present in the Earth's crust
and consequently it is present in the building materials, as well. The
238 is a parent radionuclide of the Uranium decay series which

* Corresponding author.
E-mail address: ujic@vinca.rs (P. Uji¢).

http://dx.doi.org/10.1016/j.jenvrad.2016.08.009
0265-931X/© 2016 Elsevier Ltd. All rights reserved.

includes 2?°Ra which is direct predecessor of ?*?Rn. The >22Rn can
exhale from a building material and increase the indoor radon
concentration. By the contribution to the indoor radon concentra-
tion the radon exhaling from the building material is at the second
place, immediately after the radon originating from the soil or the
bedrock where the building is constructed (Denman et al., 2007;
Cosma et al.,, 2013).

In order to quantify and to regulate the exposure to gamma
radiation originating from radionuclides in building materials the
Activity Concentration Index I, (sometimes referenced as “gamma
index”) has been proposed (EC, 1999):

-~ Cra Crn Ck
= Tt Tt 1
300(Bq kg~') 200(Bq kg~') 3000(Bq kg ')

Iy

where Crq, Crp, and Ci are the 22Ra, 232Th and 4°K specific activities,
respectively. The building materials should be restricted in their
usage if their gamma index is higher than 1 (I > 1) which corre-
sponds to an effective annual dose to the inhabitants higher than
1 mSv (EC, 1999).

However, the “alpha index” I, may be used to regulate the
exposure to radon originating from radionuclides in building ma-
terial (Nordic, 2000):
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= Cra
200(Bq kg’l)

The alpha index was proposed on the basis of the assumption
that if 2?5Ra concentration exceeds 200 Bq kg, it is possible that
the indoor radon concentration will exceed 200 Bq m~> (Nordic,
2000).

There are certain indications that the internal dose received
from the radon exhaled from building materials can exceed the
external dose received from the radium content in the same
building material (Petropoulos et al., 2002; Uji¢ et al., 2010).
Nowadays, this issue becomes more relevant, whereas the energy
saving policy (more tight windows and doors) will further decrease
the average ventilation rate and increase the radon concentration
in indoor air, consequently increasing the dose received from radon
(Yarmoshenko et al., 2014). It was shown that the building con-
struction characteristics (like wall materials and period of con-
struction) has significant influence on mean of logarithmic indoor
radon concentration (Yarmoshenko et al, 2016) which further
implies the necessity to investigate the building materials
regarding the radon exhalation issue (exhalation and also the
diffusion length).

Due to all the above mentioned reasons the radon exhalation
from building materials is still preoccupying interest of many re-
searchers in different countries. Consequently, there are many
recent publications dealing with this subject (Topcu et al., 2013;
Kumar et al., 2014; Tan and Xiao, 2014; Feng and Lu, 2015;
Morelli et al., 2015; Stajic and Nikezic, 2015; Saad et al., 2014),
whereby these measurements use exclusively accumulation
chamber method.

There are various methods developed for the radon exhalation
measurements: the abovementioned accumulation chamber
method (sometimes referred as “can” or “sealed can” method), the
charcoal method and SSNTD (Solid State Nuclear Track Detector)
method (Abu-Jarad et al., 1980; Ingersoll et al., 1983; limoto et al.,
2008). Some of the methods for radon exhalation measurements
are already incorporated into the ISO International Standards i.e.
into ISO 11665 Measurement of radioactivity in the environment —
Air: Radon-222 as Part 7: Accumulation method for estimating
surface exhalation rate (ISO 11665—7:2012) and as Part 9: Test
methods for exhalation rate of building materials (ISO
11665—9:2016).

In this manuscript we propose a new method of radon exhala-
tion measurements which does not necessitate any equipment for a
radon concentration measurement. Instead, the radon exhalation
measurement is performed only by a gamma detector (spectrom-
eter). Moreover, this method provides the values of the radon
emanation coefficient, the radon diffusion coefficient and conse-
quently the radon diffusion length, whereby the diffusion coeffi-
cient and the diffusion length characterise the building materials
regarding their radon protective properties (Tsapalov and Kovler,
2016). Since the gamma spectrometry is the most common tool
for radiological analysis of the environmental and other samples,
many laboratories would not have to purchase radon equipment in
order to estimate radon exhalation. Combined with the fact that
only the radionuclide concentration in building materials are
regulated, implementation of the proposed method could increase
the perspectives to include the radon exhalation in national
regulations.

2. Theory and methods

All the mentioned methods of radon exhalation measurement
are measuring the exhaled radon directly. Herein described

“gamma” method, the non-exhaled radon in the sample of building
material is measured by gamma spectrometry, which then allows
to estimate the exhaled radon.

A cylindrical sample with sealed lateral side and one base is
considered (see Fig. 1). The sample was left for a period of 10 half-
lives of 22Rn (~38 days) in order to achieve the equilibrium state.
The homogeneity of the sample is assumed. The radon in the
building materials exists in two phases: non-emanated (positioned
in the mineral phase of the sample) and emanated (positioned in
the air phase of the sample) — see Fig. 1. The non-emanated part Cpe
of the radon has a constant concentration in the sample:

Cne:CRa(1 _5) (l)

where Cgq is the 22°Ra concentration in the sample given in Bq kg™,
¢ is the emanation coefficient given in non-dimensional unit. G is
expressed in Bq kg~ L. The emanated radon can diffuse through the
air in the sample and its concentration C, depends on the position
on the axis of the sample.

9?Ce(x)

D _
0x?

ACe(x) + —CR;”S =0 )

where D is the radon diffusion coefficient in the given material
(m? s~ 1), A is the decay constant of the radon (s 1), p is the density
of the material (kg m~3), p is the porosity of the material which
defines the percentage of the air in a sample material. As the
equilibrium is achieved the radon flux does not change with time,

Detector position 1
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)(p > e

(20~

Wax

(3-T)®¥0=2uD

Open| surfage

9Jue]sIp
[(/x)usod-(/x)yuis(1/H)yuer+TI3*¥o

C

radon concenfration

0
Detector position 2

Fig. 1. Scheme of the measurement setup showing the position of the sample and two
possible positions of the detector. Radon concentrations (emanated and non-
emanated), defined by Eqgs. (1) and (4), are also presented. The detector positions
are shown as referent to the coordinate system referred to the sample. In reality the
detector is at the same position, while the sample is turned upside down between
measurements. The wax (beeswax) prevents radon diffusion through sealed sample
sides, ensuring the radon exhales only through the open surface.
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which means that its concentration at given position does not
change with time, as well. It should be noticed that the concen-
tration of emanated radon C, is in principle expressed by Bq m as
it is in the air phase of the sample.

The general solution of Eq. (2) is the following (Ujic¢ et al., 2008):

Ce(X) = Cmax tanh(H/L)sinh(x/L) — Cmax cosh(x/L) + Cmax,
(3)

where L = /D/A is the radon diffusion length in given material in
m, Crax = Crape/p in Bq m~> and H is the height of the sample in m
(see Fig. 1). One should take a notice that the axis has a different
direction comparing to Ujic et al., 2008 and the signs in Eq. (3) are
adjusted accordingly. Cpax also presents a theoretical quantity
referring to the maximum radon concentration (expressed in
Bq m>) in pore space that can be attained at the bottom of the
sample when H — . In other words, it presents maximum radon
concentration in pore space when the emitted radon atoms are
completely confined within the sample (by sealing for example).

Eq. (3) is derived for the emanated radon inside the material
(sample) expressed in Bq m~>. Nonetheless, it could be easily
transformed to concentration expressed in Bq kg~! by multiplying
both sides of Eq. (3) by factor p/p, obtaining the concentration C,(x)
expressed in Bq kg~ which is more convenient since this unit is
used in the gamma spectrometry:

C,(X)= Craeltanh(H/L)sinh(x/L) — cosh(x/L) + 1] (4)

Therefore the total radon concentration Ci: (Bq kg~') in the
sample seen by the detector is:

Crot(x) = Co(X) + Cre
= Cra[l + e tanh(H/L)sinh(x/L) — & cosh(x/L)] (5)

Generally, in gamma spectrometry and measurements of
radionuclide concentrations in samples, the calibration is per-
formed using radioactive standards of adequate geometry and
matrix, whereby the homogeneous distribution of radionuclides
within the standard is compulsory (Vukanac et al., 2008). In that
case the counting rate of gamma ray i of a radionuclide in given
sample is estimated by the following formula:

R; = mI;Cyt), (6)

H

H
R = mIi/O Cror (X)) (H — x)dx

H
— mICran™ / 1 + e tanh(H/L)sinh(x/L)
0
— e cosh(x/L)|n;(H — x)dx (7)

where 7;(H — x) is a relative contribution to the counting rate of the
layer of the sample of thickness dx at distance (H — x) from a de-
tector at the position 1 — see Fig. 1. The other variables are defined
as in the previous equations. The assumed sample-detector dis-
tance is zero. The sample-detector distance and eventual absorbing
material in-between can be corrected within the n;(x).

Thus, the mentioned calibration coefficient 7i(x) is needed in
order to estimate the contribution of layer dx to the counting rate R;.
However, n;(x) cannot be determined experimentally and to make a
calibration exclusively by Monte-Carlo is not recommendable.
Thus, the solution is to determine an equivalent of n;(x) by a semi-
empirical method, for instance by using the EFFTRAN package
(Vidmar, 2005). The EFFTRAN package is used to transfer (recal-
culate) the calibration coefficient of a standard to a sample which
has similar geometry (size and shape) and/or matrix (material). In
order to calculate 7i(x) as a relative contribution to the counting
rate, instead original value of the calibration coefficient, a value 1
was used for the calculation (see Fig. 2). Others simulation pack-
ages, like GEANT4 (GEANT4, 2003) could be also used.

In this case, the EFFTRAN package was used to transfer calibra-
tion coefficient of a standard (35 mm radius, 35 mm high cylindrical
box filled with sand) to layers of finite thickness Ax (instead of
infinitesimal dx) at distance x from the detector (see Fig. 1). The
relative contributions to gamma ray i of layer dx (i.e. Ax, whereby in
this case Ax = 5 mm) at the distances x = 0 mm, 5 mm, 10 mm up to
(H — 5) mm are interpolated with polynomial function of tenth
order - n(” £x). As the function ngz((x) is a relative contribution, the
integral Ong)x(x) must be normalized to 1:

H . 1
A/ D xdx = 1=A = —p (8)
0 | ihiax

Therefore, after Eq. (7) is transformed accordingly, the final
expression of radon concentration using a chosen radon progeny
gamma ray i is:

[1+ e tanh(H/L)sinh(x/L) — ¢ cosh(x/L)]n(Aii(H —Xx)dx

HJ 0

Ri = mliCran v
[ st

where, m — is the sample mass in kg, I; — is the relative intensity of
the gamma ray i of given radionuclide, C is the radionuclide con-
centration in the sample in Bq kg, 7" is the calibration coeffi-
cient, where the superscript H is noting that the sample is in certain
geometry i.e. a cylindrical shape with height H presumed.

In the case of open sample where radon exhales at one side of
the sample, the homogeneity is obviously not fulfilled (see Fig. 1).
Thus, the counting rate estimation using a chosen gamma ray i (i.e.
chosen energy) of certain radon progeny is given by the following
expression:

(9)

The non-integral part of the equation is equal to Eq. (6).

There are two unknown variables in Eq. (9): the diffusion length
— L and the emanation coefficient — &. The 225Ra concentration —Cgq
can be measured directly, while for the estimation of the L and &,
two independent measurements are needed. This could be ob-
tained by a measurement of one sample with two detector posi-
tions (see Fig. 1 and Fig. 3). For the measurement at the detector
position 2 (Fig. 1) the orientation of X axes is changed and the
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Efficienc :
Y Transfer Efficiency
Standard Sample
E [keV] Efficiency Uncertainty Efficiency Uncertainty from Standard to Sample
[%] [%]
186.00 [1.000E+00] 10 [8.450E-01] 12
24200 [1.000E+00] 10 [8.473E-01| 12
29500 [1.000E+00| 10 [8.491E-01| 12
609.00 [1.000E+00] 10 [8.564E-01| 12
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Fig. 2. (Color online) The EFFTRAN. Example of a calculation of the relative contribution factor 5;(x) from Eq. (7).
G 0 H
Open surface / After two measurements (as shown on Fig. 3), the system of two
/ g; Wax corresponding Egs. (9) and (10) with two unknown variables L and
/ i g, has to be resolved numerically (for instance, the Mathematica
‘,,:‘ Sample §f package can be used).
I §_,' The radon flux can be described by the first Fick's law:
f 7
i |
g/ oC(x)
§ Joo =-D— (11)
g; ] The radon exhalation E is equal to the radon flux at the surface of
& Sample f the sample, whereby the radon flux is generally expressed in
Wax | Bq m~2 s~!. Numerical solution of Eqgs. (9) and (10) gives ¢ and L
f (and D = [°}), whereby R; and Cg, are estimated directly by the
i i o / Open surface gamma spectrometric measurement — thus, E = J(0):
- C
Detector position 1 ’ DetecmrposmonZJ b
w9 i E=](0) = CRaé'zP tanh(H/L) (12)

Fig. 3. Scheme of two measurements of the same sample at two positions of the
detector — once measured from the sealed side and second time measured from the
side with open surface. Notice that the origin of spatial coordinate x (the distance) is
referenced to the open surface of the sample (see also Fig. 1).

function n(AiZ( should be changed accordingly: nX)x(H —x)ang;(x).
Thus Eq. (9) for the detector position 2 is expressed as:

H

Ri = mIiCRan(H)/O

1 + e tanh(H/L)sinh(x/L) — & cosh(x/L)|n{) (x)dx

H )
/0 nAX(X)dX

Effectively Eq. (12) is completely analogue to the one-
dimensional solution of radon diffusion equation and the radon
flux from a wall (Jy,) given by Nazaroff and Nero, 1988 (see also
Stoulos et al., 2004 and Sahoo et al., 2011):

E = Jw = ALCggpe tanh% (13)

where d (m) is the half-thickness of the wall.
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3. Results

For the purpose of the simple verification of the method, a
concrete sample was prepared in order to confirm the feasibility
and to verify the method. The sample has a cylindrical shape of
71 mm diameter with height of 120 mm. The sample is made of 15%
silica sand, 45% of travertine (a form of calcium carbonate deposited
by mineral springs) and 40% of portland cement (all the weight
percentages). The travertine is very porous mineral and it is
collected from Niska Banja, Serbia, which is chosen due to the fact
that it has high 2?Ra content (Zuni¢ et al., 2007), which facilitates
the testing of the method. The curing period of the prepared sample
was more than 4 weeks, whereby the sample was moistened in the
first week of the curing period. After the curing, the sample was
covered by beeswax (with one free surface) and it was left for ~40
days to achieve equilibrium between a radon and its daughters.

The measurement was performed with HPGe detector AMETEK-
AMT (Ortec) GEM 30-—70 (relative efficiency 37%, energy range
50 keV—3 MeV). The detector has a pure lead shielding of outer
radius of 26 cm, outer height of 50.5 cm and lead thickness of
10.25 cm. Certified solution of mixed gamma source (*4'Am, '°Cd,
139¢ce, 7o, %00, 137Cs, 203Hg, 3sn, & Sr and #3Y), purchased at the
Czech Metrological Institute (CMI), was used for preparing a sand
multi gamma standard. This standard was used for energy and ef-
ficiency calibration of spectrometer. Obtained efficiencies were
corrected for coincidence summing effect by using the corrections
factors as described by Debertin and Schotzig (1979).

In the estimation of the exhalation the following gamma lines of
radon progenies were used: 609 keV, 1120 keV and 1764 keV of
214Bj and 295 keV and 352 keV of 2Pb. It was measured that the
radon diffusion length in the sample was L = 0.31 + 0.03 m (and
thus diffusion coefficient D=(2.0 + 0.4)10~7 m? s~!), while the
emanation coefficient is e = 0.45 + 0.02. The measured 2?°Ra con-
centration in the sample was 175 + 2 Bq kg™, The density of our
sample is 1750 kg/m>. According to Eq. (12) and given values, the
radon exhalation rate was calculated to be
0.0326 + 0.0014 Bq s~ ' m~2.

The measurement was compared with the standard accumula-
tion chamber method of the measurement of radon exhalation. The
same concrete sample, in the same geometry with one free surface
was used in this comparison. The radon concentration inside the
chamber ((t) is defined by the following expression (Uji¢ et al.,
2008):

ct) = % (1 - e%fff) (14)

where E is the exhalation rate, A is the area of the exhaling surface
of the sample (m?), V is the chamber volume (m?), Aefris an effective
decay constant of radon heff = A + Ap + Aeak (s~ 1), which includes
decay constant, back-diffusion coefficient and chamber leakage
coefficient, respectively. The verification measurement was per-
formed using an  accumulation chamber of the
0.26 x 0.275 x 0.41 m® volume and the RAD7 (Durridge Radon
Instrumentation).

The result of this measurement is shown on the Fig. 4 and the fit
of the measured values on Eq. (14) with two free parameters (E and
heff) gave the following values E = 0.0311 + 0.0002 Bq s ! m~2 and
heff = (2.25 + 0.03)10 6 s,

4. Discussion
The comparison of the novel “gamma” method with a standard

exhalation measurement with an accumulation chamber showed
an excellent agreement. The difference between two
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Fig. 4. (Color online) The verification measurement with an accumulation chamber
and the RAD7 radon instrument.

measurements of two different methods was 4.6% and it is within
the 1 sigma measurement uncertainty which verified the novel
method.

Although there is a significant difference between the sample
height and the diffusion length, the emanation coefficient is very
high and consequently it was possible to obtain a result. The esti-
mated exhalation rate of 0.0326 Bq s~! m~2 is very high due to the
high radium content in travertine, high emanation coefficient and
long radon diffusion length of the sample, which is not surprising
since the most of the radium in the sample is actually situated in
the travertine which is very porous material with “spongy” struc-
ture. In fact, the average concrete density is 2100—2200 kg m>,
while the density of our sample is 1750 kg m>.

It is interesting to notice that the building material used for our
sample would be allowed to be used in building constructions
regarding the 2%®Ra concentration as its concentration fulfill the
restrictions of alpha index mentioned in section 1. According to Eq.
(13), a wall of thickness of 12 cm, made of this material will have an
exhalation rate E = 0.0247 Bq m~2 s~ . Indoor radon concentration
originating only from the exhaled radon can be estimated as:

EA,

=y,

(15)

where A, is the area of the wall surface; V; is the volume of the room
and /, is the room ventilation rate (or room air exchange rate). Ratio
A/V is taken to be 1.6 considering a room model with dimensions
(4 x 5 x 2.8) m® and the ventilation rate lays in the interval (0.2—2)
h~! (UNSCEAR, 2000) with the geometric mean of 0.63 h™ In the
case of A, = 0.2 h~! the indoor radon concentration would be very
high —Cgn = 711 Bq m~3 and in case of A, = 0.63 h},
Crn = 226 Bq m 3, which is still above the recommended concen-
tration in many countries. This example illustrates the necessity for
the prospection of building materials regarding the radon exhala-
tion. Mustonen, 1984 shows that the normalized radon exhalation
rate from 15-cm-thick concrete was 0.38 (Bq m~2 h~1)/(Bq kg™ 1),
which implicates that the building materials with elevated *%°Ra
concentration can significantly increase indoor radon
concentration.

Two purge and trap methods of the measurement of radon
exhalation from building materials incorporated into ISO standards
(ISO 116659, 2016) require a gamma spectrometer and also
additional equipment (accumulation chamber, pumps, flowmeters,
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etc.). According to the ISO 116659, 2016, the sample conditioning
should start 8—12 weeks after the curing period of 28 days. In the
novel “gamma” method, it is required ~38 days to achieve an
equilibrium state between radon and its progenies in a sample,
which fits the required ISO standards. The conditioning regarding
the temperature and humidity can be achieved in measurement
room where gamma spectrometers are placed, as it is usual that the
measurement rooms are conditioned.

This novel method has certain restrictions regarding the ratio H/
L which is shown on the Fig. 5. These limits depend on the mea-
surement precision of the concentration of radon progenies inside
the sample which is chosen to be 0.5% and 1% in the case shown on
the Fig. 5. For example if the sample height H is much lower than
the radon diffusion length L, there will be too small gradient of
radon concentration inside the sample and consequently there will
be very small difference between counting rates when the sample
is measured from the open and from the sealed side (see Fig. 3). For
instance, for the emanation coefficient of 2.5% (which is relatively
small emanation coefficient — see Stoulos et al., 2004; Righi and
Bruzzi, 2006; Kumar et al., 2015) and the precision of 0.5%, H
should be in the interval of 0.9—2.2 of L in given material. If the Cgq
is low, the sample should be measured for longer period of time to
attain certain precision of the measurement of radon inside the
sample.

Effectively, several factors influence a lower detection limit of
the “gamma” method: radon emanation coefficient, 2°Ra concen-
tration, measurement duration and the H/L ratio. We will consider
two of 1-day measurements (one on sealed and one on open sur-
face — Fig. 3) with the best choice of H/L ~ 1.7, which would
correspond to relatively short measurement in a prospection of
building material regarding radon exhalation. The total efficiency of
gamma detection for all gamma peaks of radon progenies is taken
to be 1% (which was the case for the gamma spectrometer in this
experiment). Under these conditions, if the building material has
the emanation coefficient of 2.5%, the minimum 2*°Ra concentra-
tion required to estimate the exhalation rate would be 48 Bq kg™,
However, if the emanation coefficient is 5%, the minimum 2°Ra
concentration would be 12 Bq kg~ The radium content limit
dependence on the emanation coefficient is defined by the gamma
ray detection efficiency and will be more favourable in the case of
better gamma efficiency.

Nevertheless, in any of these cases (too low emanation coeffi-
cient or too low radium content) the radon exhalation would be

0 T " . % T T * T J
0 5 10 15 20
Emanation coefficient [%]

Fig. 5. The shaded areas on the graph are showing for which combination of
emanation coefficient and the ratio H/L is possible to estimate the radon exhalation
rate, when the precision of the concentration measurement of radon progenies is 0.5%
and 1%.

also very low to be measured; the method still retains its applica-
bility as method to make a selection of building materials regarding
the radon exhalation. For instance, if the building material would
have the emanation coefficient of 2.5% and the radium content of
30 Bq kg !, it could be determined that the emanation coefficient
is < 3% and the exhalation rate E < 3-107% Bq s~! m~2 (even if L
much larger than wall thickness), which would correspond to in-
door radon concentration C; < 9 Bq m~> (according to Eq. (15)). The
limits can be improved simply by a longer measurement period;
however it is a question of the cost-benefit analysis.

5. Conclusion

In the paper a new method of the radon exhalation measure-
ment is presented. The method feasibility is proved and the method
is verified by the standard radon exhalation measurement with
accumulation chamber.

The advantage of the method is a measurement of the radon
exhalation rate without need of the radon measurement equip-
ment, whereas the radon exhalation measurement is performed
only by use of a gamma detector (spectrometer) which is already
used in the prospection of building materials regarding the radio-
nuclides content. The energy saving policy have a consequence of
increasing the average radon concentration in indoor air (even at
higher floors) and the average population dose received from radon
(Yarmoshenko et al., 2014), which will increase the importance of
the measurement of radon exhalation from building materials. This
method could be also used to test the mixture design of, for
instance, concretes containing fly ash (Taylor-Lange et al., 2014).

In the paper, the test measurement was successfully performed
in order to prove the feasibility of the method and the method is
verified by the measurement with an accumulation chamber.
However, further investigation (as well as an intercomparison of
methods) will be continued in order to investigate a margin of
applicability in real cases.

Additionally, the measurement by this method will provide the
values of the emanation coefficient, the diffusion coefficient and
consequently the diffusion length, which requires additional
equipment and preparation in standard radon exhalation mea-
surement. This method is very applicable as a prospective method
for determining if building materials are exceeding potential limit
of radon exhalation. The general necessity for the regulation and
measurement of the radon exhalation rate from building materials
is illustrated on the example of the sample measurement used in
the manuscript.
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The requirements about radon measurements in schools and public buildings included in most of the national and international
legislations are generally restricted to all the rooms located at the ground floor and basement, assuming the soil beneath the
building as the main source of indoor radon. In order to verify such an assumption for small buildings having at maximum two
floors, a preliminary study was performed in 50 schools located in 15 municipalities of the Republic of Srpska. Results of this
study suggest that a protocol requiring measurements at the ground floor only may be considered adequate. Due to the high radon
spatial variability for rooms at the ground floor, it is preferable to require measurements in a high number of rooms (preferably

in all of them) in order to assess the compliance with the reference level established by the legislation.

INTRODUCTION

The new requirements included in the recommenda-
tions and regulations of international organizations
will certainly increase the number of radon concen-
tration measurements in workplaces.(!~?) Protocols
used for workplaces (including schools) are generally
different from those used for dwellings, mostly due
to fact that radon spatial variability in workplaces is
higher than in dwellings.”) For dwellings, it is gen-
erally recommended to measure the most inhabited
rooms*>); for workplaces, rooms to be measured are
generally more numerous.

According to the 2013/59/Euratom Directive,
some protocols give priority to measurements in
workplaces and schools located in certain areas (i.e.
radon priority areas). Assuming that the soil beneath
the building is the main source of indoor radon, some
protocols recommend to measure all the occupied
rooms located at the ground floor and basement
only.(®) Assuming so, it means that measuring radon
concentrations in rooms located at the floors in
contact with ground allows to fulfill the compliance
with reference level (RL) established by national
legislations.(”)

For multistory buildings, some of these proto-
cols require measurements to be performed also at

upper floors, but only if at the ground floor (or
basement), the radon levels resulted to be higher than
the RL.(® Measurements at upper floors are gener-
ally recommended in case of a possible stack effect
from stairwells and/or any ducts such as those for
air-conditioning and elevators.(”

In the framework of an extensive survey in schools
conducted in Republic of Srpska (Federation of
Bosnia and Herzegovina), a preliminary study on
the spatial variability of radon concentration in
small buildings (having at maximum two floors)
was performed. The aim of this study was to obtain
information useful for the optimization of the
measurement protocol in this type of building.

MATERIALS AND METHODS
Sample characteristics

Radon concentration measurements were performed
in 50 schools: 33 of them have two floors (ground
and first floors); the remaining 17 have ground floor
only. The buildings are located in 15 municipalities. In
each municipality, the number of surveyed buildings
ranges between 1 and 25 (in Banja Luka, the main
city of Republic Srpska) with a median number equal
to 4.

© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Figure 1: Radon concentration distribution for ground floor rooms (top) and first floor rooms (bottom).

Sampling protocol

A total of 141 rooms were measured. Taking into
account the resources and the aim of the survey, a
sampling protocol that requires at least two radon
detectors for each building was adopted. For build-
ings having two floors, at least one detector for each
floor was deployed. Radon measurements were car-
ried out only in rooms occupied by pupils and staff
of the schools, i.e. classrooms and laboratories. How-
ever, since all the laboratories are used as classrooms,
all the monitored rooms are always occupied during
the working hours, and they have approximately the
same ventilation regime.

Radon measuring system

Radon measurements were performed using devices
based on CR-39 detectors (manufactured by Intercast-
Europe srl) enclosed in conductive holders (mi.am-
radout type). The etching took place in a thermal
bath containing a 6.25 M NaOH solution at 98 °C for
60 min. Track counting was carried out with a fully
automatic image analysis readout system (Politrack).
It was chosen a single exposure period of about 1 year
considering that these CR-39 detectors (and their
measurement techniques) do not show an appreciable
sensitivity decrease due to ageing and fading effects.(*®)

RESULTS AND DISCUSSION
Radon concentration distributions

For all the monitored rooms, radon concentration
distributions in the rooms located at the ground floor
and first floor are separately represented in Figure 1.

Radon concentrations at the ground floor are gen-
erally higher than at first floor: indeed, they range
from about 90 to about 4200 Bq m~3, and for more
than 25% of these rooms, radon concentrations are
higher than 300 Bq m~3, the maximum reference level
for workplaces established by the 2013/59/Euratom
Council Directive.(!

However, as regard to the rooms at first floor, even
if the radon concentration was on average lower than
that at the ground floor, radon levels were higher than
300 Bq m~ in about 2% of the surveyed rooms.

The impact of floor level on radon concentration
is well known due to fact that generally the main
entry route for radon indoor is the soil beneath the
buildings,”’ and it was confirmed by several data
analyses being conducted in the framework of surveys
in dwellings (e.g.'%'D) as well as in schools located
in the same area.(!>) For a subsample of 33 buildings,
described in the next paragraph, the dependence of
the average radon concentration on floor levels was
also estimated using data of the present work.
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Figure 2: Maximum radon level at ground floor versus that at first floor. The reported uncertainties have a coverage
factor k = 2. The line represents the bisecting line. The region between 0 and 1000 Bq m~3 was zoomed and reported
in the box above.

Radon level versus floor level

For each of the 33 buildings having radon concentra-
tion measurements both in the rooms at the ground
floor and at the first floor, the maximum radon level
was calculated for each floor (Figure 2).

As expected, for the same building, radon levels
were generally higher at the ground floor than at
the first floor. Notably, if rooms with radon levels
higher than 300 Bq m~ (or higher than 200 Bq m~3)
were found at first floor, they were also found at
ground floors. On the contrary, for buildings with
the radon concentrations exceeding 300 Bq m~3 at
the ground floor rooms, this concentration level was
exceeded only in 1 of 10 cases at the first floor. If
confirmed by further studies, this result suggests that
it may be sufficient to perform measurement only
in rooms located at the ground floor when verifying
the compliance with reference levels for all buildings
rooms. In other words, if no exceedance of RL was
found in a significant number of rooms monitored at
ground floor, it is very unlikely to find radon level
exceeding RL at higher floors.

Moreover, it is worth noting that in case of radon
surveys aimed to evaluate radon exposure of the
pupils and staff of schools, it is necessary to know
radon levels at every occupied floor of the buildings.
Therefore, protocols used for these surveys have
to include also measurements at higher floors. The
number of rooms which is preferable to measure at
different floors depends on the spatial variability of
radon concentration at each floor.

Room-to-room spatial variability

For each building, radon spatial variability has been
estimated as the coefficient of variation (CV) of
radon concentration between rooms (room-to-room
variability), separately for the ground and first floor
rooms (Figure 3). For rooms at the ground floor,
spatial variability has been estimated in 36 buildings.
In 22 of them, radon levels were measured in 2 rooms;
in the remaining 14 buildings, in 3 rooms. For rooms
at first floor, this kind of variability was estimated in
eight buildings, in each of them, measuring was done
at two rooms.
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Figure 3: Room-to-room spatial variability expressed as coefficient of variations of radon concentrations measured at
ground floor rooms (top) and first floor rooms (bottom).

As expected, floor level has a significant influ-
ence not only on radon level but also on radon
variability('¥: median room-to-room variability is
14% and 27%, for the first floor and ground floor
rooms, respectively (Figure 3). For the ground floor
rooms, CV reaches also values higher than 100%: it
occurs for two buildings having two floors and high
average radon concentration (i.e. about 850 and 2200
Bqm™3).

These preliminary results suggest the need to mea-
sure all the occupied rooms at ground floor or at least
a high fraction of them. Instead, data regarding first
floor suggest to sample a lower fraction of rooms.
Nevertheless, the relatively small sample size of this
study strongly recommends further investigations in
order to confirm the latter result.

CONCLUSIONS

Results from this preliminary work suggest that, for
schools having only two floors (i.e. ground floor
and first floor), a protocol requiring to measure

radon concentrations only at ground floor may be
considered adequate to assess the compliance with the
reference level established by the legislation. Due to
the high radon spatial variability of rooms at ground
floor, measurements in a high number of rooms
(preferably in all of them) are strongly recommended.
Further studies are necessary to obtain more reliable
estimates on spatial variability (especially for rooms
at first floor) and to study the impact on spatial
variability of other building characteristics such as
building materials and year of construction.
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The main contribution to population exposure is due to radon and thoron progenies and not radon itself. The aim of this study
was therefore to estimate annual effective dose using the results of Direct Radon and Thoron Progeny Sensors were exposed
in 69 selected schools and 319 dwellings in several regions of Balkans: in Serbia: regions of Sokobanja and Kosovo and
Metohija, Republic of Macedonia, Republic of Srpska and Slovenia. Obtained average total effective doses are in the range
from 0.22mSva™~" (schools in Republic of Srpska) to 2.5mSva~" (dwellings in Kosovo) and are below the reference level of
10 mSv a~! recommended by International Commission on Radiological Protection.

INTRODUCTION

Radon and its progeny contribute more than 50% of
total dose that population receives from all natural
sources'”. Based on the recent epidemiologic studies,
conducted in Europe, Asia and North America,
WHO has identified radon as the second cause of
lung cancer after smoking, being responsible for
between 3 and 14% of all lung cancers®.

Based on the pooled studies, a nominal risk coef-
ficient for lung cancer of 5.9-107* per WLM was
recently proposed by International Commission on
Radiological Protection (ICRP), which is almost
double from the previous value®. Radon (***Rn)
and thoron (**°Rn) with half-lives of 3.82d and
55.3 s are produced in the >*®U and ***Th natural
radioactive chains. Being a noble gas, and thus
chemically inert, with half-life considerably longer
than breath rate, most of radon that is inhaled is
exhaled as well, rather than decaying in respiratory
system. In contrast, radon short-lived progeny are

heavy metals that rapidly attach to surfaces, mainly
aerosol particles. When inhaling these particles,
together with progeny, they tend to stick to the epi-
thelial tissue, where the energy released by their
radioactive transformations causes radiation dam-
age of exposed tissue. Thus, the main contribution
to the population exposure is due to radon progeny
and not radon itself.

Nevertheless, due to simplicity and cost effectiveness
of radon measurement compared with progeny meas-
urement, effective dose is usually estimated on the basis
of measured radon concentration and an assumed
equilibrium factor between radon and its progeny. The
typical value of equilibrium factor for radon in indoor
air is 0.4 as recommended by UNSCEAR". However,
indoor measurements have shown that equilibrium
factor may range from 0.1 till 0.9 and is strongly
sensitive to aerosol concentration and room para-
meters, such as ventilation rate, humidity and surface-
to-volume ratio.

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Figure 1. Regions of the study.

It is estimated by UNSCEAR that thoron in aver-
age contributes ~10% to the total exposure of
radon®. However, there are regions of thoron con-
centrations higher than that of radon and thoron con-
tribution to the dose should not be neglected® ™. In
the case of thoron, an estimation of dose based on
thoron measurements and thoron equilibrium factor
(recommended value is 0.02) is even less reliable
than the related dose estimation based on radon.

Namely, due to a short half-life of thoron, and
consequently a small diffusion length, there is non-
uniformity in thoron distribution in a room on one
side, and uniform distribution of its 2!2Po progeny due
to its longer half-life on the other side. Therefore, even
within a single dwelling there is a non-uniformity in
the distribution of thoron equilibrium factor.

Any deviation of recommended radon and thoron
equilibrium factors from the real ones could lead to
biased estimation of radon and thoron progeny con-
centrations and consequently to biased estimation of
doses received due to exposure to radon, thoron and
their progenies. Therefore, in order to have proper
estimation of received dose, it is important to meas-
ure radon and thoron progeny directly. Such detec-
tors, known as ‘Direct Thoron Progeny Sensor’ and
‘Direct Radon Progeny Sensor’ (DTPS/DRPS) have

\been developed by Mishra and Mayya® * and are

designed to measure time-averaged equilibrium
equivalent thoron concentration and equilibrium
equivalent radon concentration.

The aim of this study is to estimate effective doses
due to the exposure to radon and thoron progeny
based on the long term measurements using DTPS/
DRPS sensors. Measurements were performed in
selected dwellings and school in several regions of
Balkans, within the framework of a broad inter-
national collaboration.

MATERIALS AND METHODS

The investigated area encompassed several regions of
Balkans. In total, 388 different locations were analysed
using DTPS/DRPS detectors, covering 122 dwellings in
the region of Sokobanja, Serbia'”, 48 dwellings in
Kosovo and Metohija D44 schools in Republic of
Macedonia®?, 37 dwellings and 25 schools in Republic
of Srpska’® and 112 dwellings in Slovenia™®. A map
showing investigated regions is in Figure 1.

Direct measurements of radon and thoron progen-
ies were performed using LR115 Type II solid state
nuclear track detectors with thin absorber foil of
appropriate thickness. Due to a different energy
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EFFECTIVE DOSES ESTIMATED FROM THE RESULTS OF DRPS/DTPS

Table 1. Range and average of annual effective dose Er, and Et, due to exposure to radon and thoron progeny in selected
regions of Balkans.

Location number of measurements and place  Eg, (mSv a~') range, R average, AV Er, (mSv a~') range, R average, AV

Serbia, Sokobanja 122 dwellings R:0.25-1.0 AV: 0.7 R: 0.04-0.9 AV: 0.28
Republic of Srpska 37 dwellings R:0.4-0.9 AV: 0.6 R: 0.03-0.3 AV: 0.13
Kosovo and Metohija 48 dwellings R:0.4-6.8 AV: 2.1 R:0.2-1.1 AV: 0.4
Slovenia 112 dwellings R:0.1-9.4 AV: 2.2 R:0.004-0.7 AV: 0.18
Republic of Srpska 25 schools R:0.1-0.27 AV: 0.18 R: 0.006-0.08 AV: 0.036
Republic of Macedonia 44 schools R:0.13-0.91 AV: 0.45 R: 0.006-0.43 AV: 0.08

emitted by a-radioactive decay of 2'?Po (8.78 MeV)
and *'*Po (7.69 MeV), a 50-pm thick absorber foil
(aluminium Mylar) was chosen to detect separately
a-particles emitted by 212py decay on the first LR115
detector. On the other LR115 detector, a thinner, 25-
pm aluminium Mylar foil was mounted, enabling
detection of - particles from decay of both, 2'?Po and
214py. Based on the track density on both detectors, it
is possible to distinguish between the radon and thoron
progeny concentrations. The procedure has been elabo-
rated in detail by Mishra and Mayya® *.

Radon and thoron detectors at all locations were
placed far away from windows and doors, but at
variable distances from the wall: in Republic of
Macedonia and Kosovo and Metohija detectors were
placed in the middle of the room, in Republic of
Srpska and in Slovenia around 20 cm from the wall,
while in Sokobanja, Serbia detectors were placed dir-
ectly on the wall. For radon and thoron progeny, it is
assumed uniform distribution in a room.

Detectors were deployed from 3 months up to 1y
in the period from 2011 to 2013. In some dwellings
detectors were deployed two times for 6 months, cov-
ering therefore a whole year, and in cases where
some of the measurements were missing, seasonal
corrections were applied. Due to large variations of
progeny concentration in time, averaging equilibrium
equivalent radon or thoron concentrations over the
year is important for the proper estimation of
received dose.

The annual effective dose due to exposure to
radon progeny is estimated using the following
expression given by UNSCEAR":

Ern(mSva~!) = EERC - OF - DCFg, - 107¢ (1)

where Egr, is the annual effective dose (mSv afl),
EERC is the equilibrium equivalent radon concen-
tration (Bqm™), OF is the occupancy factor (for
inhabitants recommended value is 7000 ha™!, while
for pupils occupancy was assumed to be 1750 ha™"),
and DCFg, is radon dose conversion factor 9
(nSvh™! per Bqm™). Additional factor of 107° is
necessary to convert nSv to mSv.

Similarly, the annual effective dose due to expos-
ure to thoron progenies (Ery) is':

Et,(mSva~!) = EETC - OF - DCFy, - 1076 (2)

where EETC is the equilibrium equivalent thoron
concentration (Bq m_3), and DCF,, is thoron dose
conversion factor 40 (nSvh™" per Bqm™).

RESULTS

For each measurement location, a total number of
measuring points for either dwellings or schools,
together with the range and average annual effective
dose, due to exposure to radon and thoron progeny,
is given in Table 1.

Average annual effective doses range from 0.18
mSva~! (Republic of Srpska, schools) to 2.2mSva~!
(Slovenia, dwellings) for radon and from 0.036 mSv
a~! (Republic of Srpska, schools) to 0.4mSva™
(Kosovo and Metohija, dwellings) for thoron.

Average total effective doses in these regions, due
to exposure to indoor radon and thoron, estimated
using direct measurements of radon and thoron pro-
geny concentrations, are in the range from 0.22 mSv
a~! (schools in Republic of Srpska) to 2.5mSva!
(dwellings in Kosovo I Metohija).

CONCLUSION

The data show a broad distribution of results obtained
with DRPS and DTPS detectors deployed in the
regions of investigation, within the framework of an
extensive international collaboration. Average effective
doses are below the ICRP 103" reference level of 10
mSva~! for the indoor radon exposure. Although the
estimated doses are not extremely high, indoor radon
may be considered as the most significant single source
of radiation exposure to the population in the region.
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It is indicated that the exposure to radon originating from the building materials is not negligible and the radon exhalation
measurement should get more attention in the future. The experience with four different methods of the exhalation measure-
ment, established in our laboratory for the purpose of the intercomparison is reported. Additionally, a comparison of advan-

tages and disadvantages of used methods is discussed.

INTRODUCTION

Radon is the greatest source of the public exposure
to radiation, as more than 50% of the radiation
dose received by the general population is due to
the exposure to radon. According to World Health
Organisation (WHO)" radon is responsible for
between 3 and 14% of the lung cancer incidences.
The main contributor to the indoor radon concen-
tration is the soil and the second important con-
tributor is the building material®.

External radiation exposure of inhabitants to the
radionuclides in building materials is regulated in the
most of countries. The internal exposure to the radon
originating from the building materials is regulated
indirectly. In principle it was assumed that the radon
exhalation is proportional to the radium content. This
approach is very crude and basically misguided, since
the exhalation rate strongly depends on the emanation
coefficient and somewhat less strongly on the radon
diffusion length in the material. It is indicated that the
internal dose due to the exposure to radon exhaled
from the building material could be higher than the
external dose due to the radium content in the build-
ing material®. Furthermore, due to the energy saving
policy and more tight windows and doors the average
ventilation rate of indoor air decreases, increasing the
radon concentration even in multi-storey buildings(4),
which indicates importance of the radon exhalation
measurement, since the radon in multi-storey build-
ings originates almost exclusively from the building
materials.

Within the ERRICCA framework™ a comparison
of radon exhalation measurements was performed
between 20 participants from 13 countries. In this
publication the experience with four different methods
is reported. All the methods were established ad-hoc,

within the same laboratory in order to directly com-
pare their advantages and disadvantages.

METHODS

In this section, a brief review of the methods used in
this intercomparison is presented. One cylindrically
shaped sample of 7.1 cm diameter and 12 cm height
was used as the reference sample for the measure-
ment methods performed for this publication. The
sample was prepared by ‘mixing’ the travertine in
Niska Banja, known for a high radium concentra-
tion, with the cement and sand. The accumulation
chamber method is performed with the Solid State
Nuclear Track Detector (SSNTD) and the active
instrument simultaneously. Dimensions of the accu-
mulation chamber are 0.263 x 0.263 x 0.424 m>.

Accumulation chamber with an active instrument
method

This method is widely used radon exhalation method
and probably the most convenient one. When a sample
is put in the sealed accumulation chamber, radon will
exhale from the sample and it will accumulate in the
chamber where it will eventually decay or escape if the
chamber is not sufficiently tight. If the sample volume
is not significantly smaller than the chamber volume
(at least 10%), there is a significant probability that the
radon atom, due to the diffusion, will return back into
the sample. This is called the back diffusion.

The exhalation measurements using accumulation
chamber with an active instrument and the SSNTD
(see Accumulation chamber with SSNTD method)
were performed partially simultaneously. The mea-
surements started at the same time and lasted for

© The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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7 days, in the case of the measurement with the active
instrument. This measurement was conducted using
the RAD7 of Durridge Radon Instrumentation,
calibrated in 2015, in National Institute for NBC
Protection, Czech Republic.

The radon concentration C(f) (Bqm™) inside an
accumulation chamber is described by the following

expression'®:

A (1 = ety 4 Cpertt (1
eff

c@) =

where E (Bqm™2s7!) is the radon exhalation rate of
the sample, 4 (m?) is the surface area of the sample,
¥ (m%) is the volume of the accumulation chamber;
t (s) is the time of exposure, Cj is the initial radon con-
centration in the chamber and Aer (s71) is the effective
radon removal probability defined as follows:

Aett = A+ 4+ 4 2)

where 4 is the decay constant of 222Rn, 4, is the leak-
age probability and 4, is the back diffusion probabil-
ity. Since the sample volume is significantly smaller
than the volume of the accumulation chamber the
back diffusion can be neglected. C; is not considered
since it was negligible. Diffusion of the radon from
the outside air into the accumulation chamber is
also neglected since the radon concentration in the
outside air is two orders of magnitude smaller than
the concentration inside the chamber.

Sometimes the exhalation measurement is per-
formed only using the linear part of the accumulat-
ing radon concentration when the exhalation rate
can be approximated as follows:

_
4

E (3)

where b (Bqm™>s7") is the fitted slope of the first
part of the concentration curve, up to 1800 min of
measurement for which the linear approximation of
the exponential function is applicable.

Accumulation chamber with SSNTD method

The exhalation rate of radon, measured by the accu-
mulation chamber with the SSNTD is basically an
integral measurement of the accumulation chamber,
could be estimated by the following equation®:

b Vierr 1
kA ¢ — L (1 = ety
Aeff

“4)

If the initial radon concentration Cj is present exha-
lation is estimated as follows:

& Vier 1
Ao L ey
Aefr ©)
I:ﬂ — &(1 — e—/leffl):|
k /Ieff

where p, (m™?) is the track density on the SSNTD:; k
(m™)/(Bqsm™)) is the calibration coefficient for
the detector. The factor p/k presents the exposure
(sometimes referred as a dose) of the SSNTD. Since
the Cy cannot be determined in the SSNTD method,
it is necessary to eliminate the radon in the moment
when the accumulation chamber is sealed. The
measurement used for intercomparison was per-
formed with the Landauer Radtrack®” SSNTD and
it lasted for 37 days.

Gamma method

This is the most recently proposed radon exhalation
measurement method. It is described in details by
Awhida ef al.”’ The mathematical procedure of this
method is rather complicated to be shortly described
in this section, thus only the principles are given.
When a cylindrical sample is open on either top or
bottom side the radon concentration will have a gra-
dient with lower concentration towards the open sur-
face (Figure 1). The gradient depends on the radon
diffusion length and the radon emanation coefficient
in the given material. Nevertheless, with two mea-
surements: first from the open side of the sample and

concentration 0
H-t > 0
/
i Open surface
X Emanated radnn /
concentration

=3 i Wax ;
@ Emanated radon %
2 concentratioff &
8 Wax / a
= ®
g =
3 | o
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Figure 1. The principles of the gamma method (Awhida

et al., 2016). The detector will measure different concentra-

tions depending on whether it measures from the open or

the sealed side of the sample. The difference depends on the

emanation coefficient and the diffusion length, which could
be estimated from these two measurements.
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second from the sealed side of the sample, it is possible
to determine both radon diffusion length, L (m), the
radon emanation coefficient ¢ and the 2*°Ra content
Cra (Bqkg™) which allows to estimate the exhalation
rate:

E = ALCg,pe tanh(H/L) 6)

where 4 is the decay constant of the radon, p (kgm™)
is the density of the sample and H (m) is its height.

The gamma method measurement was performed
with HPGe detector AMETEK-AMT (Ortec) GEM
30-70 with relative efficiency of 37% and the energy
range between 50keV and 3 MeV. The energy and
efficiency calibration of the spectrometer was con-
ducted using a certified mixed gamma source.

Charcoal canister method

Radon concentration measurements by charcoal can-
isters are often performed according to EPA 520/5-
87-005, David J. Grey, Sam T. Windham, 1987,
EERF Standard Operating Procedures for Radon-
222 Measurement Using Charcoal Canisters. The fol-
lowing gamma lines of radon progeny are used for
the measurements: 295 KeV (*'*Pb), 352keV (*'*Pb)
and 609 keV (*'“Bi). In the standard indoor radon
measurement, the canister is exposed during 2-6 days
and then measured on the gamma detector, where
the quantity of the adsorbed radon is measured. The
details of this method are given elsewhere® . This
method is also used for the measurement of the radon
exhalation rate from soil!?.

The radon concentration C, (Bqm™) is estimated
using the following expression:

- G-B 7
tEy Cy Dy

where G is the total area of the three previously men-
tioned peaks, B is the total area of the background
of the three mentioned peaks, ¢ is the detector expos-
ure time, Ey is the detector efficiency and Cris the
calibration factor of the radon adsorption rate on
the charcoal. Cy strongly depends on the humidity.
The correction factor of the radon decay during the
exposure, Dyis approximated as follows:

0.6931,
Df =e¢ Tin ®

where £, (s) is the mid-time of between the start of
the detector exposure and the start of the measure-
ment and 77, (s) is the radon half-life.

E; is obtained from the efficiency calibration of
spectrometry system. The product C, - Cis effectively
a radon adsorption flux or in other words the flux of
radon which is going to be adsorbed by the charcoal.

The method of the radon exhalation measurement
with charcoal canisters is based on the fact that the
activated coal in the charcoal canister absorbs virtu-
ally all the radon atoms which enter into the canis-
ter. In that case the radon adsorption flux C, - Cyis
equal to the total exhalation rate E,.

Thus, there is not much sense to put a charcoal
canister in the accumulation chamber. Instead, the
charcoal canister can be attached directly to the sur-
face of the sample whose radon exhalation rate is
measured. It should be attached tightly in order to
prevent radon to escape.

E=0"8 ©
LEy Dy

However, in order to obtain surface exhalation rate
E, E, has to be divided by the exhaling surface area
A of the sample:

g G- B (10)
tErDr A

RESULTS AND INTERCOMPARISON OF
METHODS

The comparison of the measurements is shown in
Table 1 and Figure 2. It could be noticed that,
although the results are in relatively good agreement,
there is a certain discrepancy of the results, higher than
expected regarding the measurement uncertainties.
This implies that there exists a variation of the exhal-
ation rate and/or the uncertainty of the measurement
is underestimated. It is certain that two parameters,
which were not controlled, could influence the exhal-
ation: the humidity and the atmospheric pressure
variation.

The charcoal canisters used in this method have a
relatively high MDA of ~12Bqm™, which corre-
sponds to an exhalation rate of ~0.002 Bqs™' m™,
however, this could be improved for at least one

Table 1. The results of the exhalation rate measurement
from the same sample.

Exhalation Uncertaint
(Bqs'm™?) (Bqs™'m™
Charcoal 0.028 0.004%
SSNTD 0.035 0.002
Active long 0.0320 0.0003
Active short 0.0293 0.0003
Gamma 0.0326 0.0014

The measurement duration was short (few thousand
seconds).
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Figure 2. Graphical presentation of the results of the

exhalation rate measurement of the same sample. The

dashed line presents a mean value (not weighted).

order of magnitude, by longer exposure period and
longer gamma spectrometric measurement. It could
be noticed that the measurement uncertainty is the
highest for the charcoal method, however, the dur-
ation of this measurement was far shorter than for
the other methods, thus this uncertainty could be
lowered by at least five times. Nevertheless, this
method has a potential to be used for in situ mea-
surements, i.e. the charcoal canister may be attached
directly to the inside wall of a building. Compared
to the active method, it offers much more comfort to
the inhabitants due to the fact that it is less cumber-
some and it does not produce noise. In principle,
in situ measurements could be made more sensitive
by an adjustment which would allow to collect the
exhaling radon from wider area of the wall.

Essentially, measurements with active instruments
are very convenient and simple. In comparison with
the SSNTD method, it is also possible to make cor-
rections regarding the leakage of the accumulation
chamber. The flaw of this method is in the fact that
use of some of these instruments cannot be applied
in the moisture controlled regime since these instru-
ments (like RAD7) are constantly drying the air
using a silica gel. The fit curve of radon concentra-
tion is shown in Figure 3.

An advantage of the SSNTD method is the higher
sensitivity or lower minimum detectable exhalation
rate (MDER), since this detector is measuring integral
dose which allows to measure lower radon concentra-
tions. This also depends on the type of the diffusion
chamber for the SSNTD which can significantly lower
the MDER. In comparison to the measurement with
the active instrument, the measurement with the
SSNTD cannot be corrected regarding the accumula-
tion chamber leakage and the leakage of the accumu-
lation chamber was measured prior to the radon
exhalation measurement and it was found that the
leakage coefficient can vary for ~50%. The estimated
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Figure 3. Radon concentration in the accumulation cham-
ber measured by the RAD7.

exposure was 1540 + 100kBqhm™ and the exhal-

ation rate was E = 0.035 + 0.002 Bqs™' m™2 with the
previously estimated 4, = 2.4 x 1077 s7\. Effectively,
when the 4, is significantly smaller than the decay con-
stant its instability does not influence significantly the
exhalation rate estimation and in this measurement it
just slightly increased the uncertainty of the measure-
ment. However, for the SSNTD method, the leakage
is still uncontrollable, in a sense that it could be much
more significant and the laboratory personnel would
not be aware of this problem.

Thus, this method is effectively applicable only if
the radon leakage from the accumulation chamber is
not significant. For the presented result the leakage
coefficient estimated during the simultaneous meas-
urement by the SSNTD and the RAD7 is used.
Furthermore, SSNTD method cannot show if the
measurement started with a certain background
radon concentration in the accumulation chamber.
Both methods with the accumulation chamber,
active and SSNTD method, require a longer meas-
urement, although, the sample preparation is in prin-
ciple very short.

The gamma method is a unique radon exhalation
measurement method since it provides the measure-
ment of the radon diffusion length and the eman-
ation coefficient, which is a main advantage of this
method. The estimated radon exhalation rate by the
gamma method was 0.0326 = 0.0014 Bqs~'m™>,
while the radon diffusion length was 0.31 + 0.03m
and the emanation coefficient 0.45 + 0.02. The dis-
advantage of this method is a more complicated cal-
culus and a longer sample preparation, since the
equilibrium between the radon and its progeny must
be attained.

Both the gamma and the charcoal methods do not
need radon measurement equipment for the radon
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Table 2. Tabular comparison of advantages and disadvantages of the exhalation measurement performed in this intercomparison.

In situ MDER Meas. Measures Price Precision =~ Chamber Moisture Background
duration L, e leakage control radon correction
Charcoal + =4 + - +° - NR + -
SSNTD - + - - - - - + -
Active + + + - - + + —/+ +
Gamma  — - = + +° - NR + +

NR, not relevant; L, radon diffusion length; e, emanation coefficient; MDER, minimum detectable exhalation rate.
It is possible to improve it, principally for in situ measurement.
®Under the assumption that a laboratory already has a gamma detector.
“The sample preparation included, otherwise the measurement is short.

exhalation measurements and they are convenient for
the laboratories which already have a gamma detector.

CONCLUSION

A simplified comparison of four exhalation measure-
ment methods is given in Table 2. The plus sign is
marking an advantage. For instance, the plus sign
for the price means that it has a lower price.

The choice of a method depends on different fac-
tors. For establishing a new method in a laboratory, it
seems that the accumulation chamber with an active
instrument is the most convenient. The charcoal can-
ister method is simple, not expensive and offers a pos-
sibility of in situ measurements. The SSNTD method
seems to be the least advantageous; however, it is a
quite robust and reliable method. Gamma method is
probably the most complicated method, however, it is
the only one which provides the emanation coefficient
and the radon diffusion length which is also import-
ant regarding the protective attributes of a building
material regarding radon.
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Abstract

Background: The specific microclimate of alpine waterfalls with high levels of ionized water aerosols has been
suggested to trigger beneficial immunological and psychological effects. In the present three-armed randomized
controlled clinical study, we focused on effects on (i) immunological reagibility, on (ii) physiological stress
responses, and on (jii) stress-related psychological parameters.

Methods: People with moderate to high stress levels (n =65) spent an active sojourn with daily hiking tours in
the National Park Hohe Tauern (Grof3kirchheim, Austria). Half of the group was exposed to water aerosol of

an alpine waterfall for 1 h/day (first arm, n = 33), whereas the other half spent the same time at a distant site
(second arm, n=32). A third arm (control, n =26) had no intervention (except vaccination) and stayed at home,
maintaining their usual lifestyle. The effect of the interventions on the immune system was tested by oral vaccination
with an approved cholera vaccine and measuring specific salivary IgA antibody titers. Lung function was determined
by peak expiratory flow measurement. Electric skin conductance, heart rate, and adaption of respiration rate were
assessed as physiological stress parameters. Psychological stress-related parameters were analyzed by questionnaires
and scales.

Results: Compared to the control group, both intervention groups showed improvement of the lung function
and of most physiological stress test parameters. Analysis of the mucosal immune response revealed a waterfall-
specific beneficial effect with elevated IgA titers in the waterfall group. In line with these results, exposure to
waterfall revealed an additional benefit concerning psychological parameters such as subjective stress perception
(measured via visual analog scale), the Global Severity Index (GSI), and the Positive Symptom Total (PST).

Conclusions: Our study provides new data, which strongly support an “added value” of exposure to waterfall
microclimate when combined with a therapeutic sojourn at high altitude including regular physical activity.
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Introduction

Therapies at high altitude and green exercise are known
to affect a variety of physiological and immunological pa-
rameters. These include neurovegetative, cardiovascular
or thermoregulation mechanisms [1, 2], and also the re-
duction of inflammatory diseases, and the induction of
balancing immunomodulatory effects [3-5].

High-altitude climate therapy is also characterized as a
successful alternative medical treatment for respiratory
and allergic diseases such as bronchial asthma, atopic
dermatitis, psoriasis, or eczema [6-8].

In addition to high altitude, European alpine regions
host numerous waterfalls, which produce inhalable, nega-
tively charged nano-water particles known as “Lenard
ions” or ballo-electric ions. Negative air ions nearby water-
falls (hereinafter we call them “ionosols”) are generated by
aerosolization of water droplets at an obstacle, aqueous
surface, or by aerodynamic break-up during free fall,
undergoing charge redistribution forming “water bags”
with negatively charged surfaces and fracturing into
micro-bubbles due to water shearing. After breaking up,
smaller fragments carry negative charge and remain in the
air for some time carried by air stream. Their diam-
eter is between 1.5 andl0 nm, whereby 2-nm-sized
negative ions were the most abundant. Lifetime of
ionosols is long enough so that they can be inhaled.
The remaining bigger fragments are positive and pre-
cipitate to the ground [9, 10].

“Negative air ions” are positively correlated with relative
humidity and their concentration is higher in natural envi-
ronments compared in urban environment [11-14].
Waterfalls not only produce high levels of negative air
ions, they also create a specific microbiological atmos-
phere by spreading of microbes in the impact zone of a
waterfall, which may influence immunological and physio-
logical parameters. Negative air ions also interact with
phytoncides released from trees which in turn can interact
with microbes, altogether influencing the environmental
atmosphere [14]. Phytoncides may also act directly on the
innate immune system, as they have been shown to in-
crease the level of natural killer cells [15].

Positive immunomodulating effects of the microcli-
mate in close proximity to the impact zone of alpine
waterfalls have already proven beneficial effects for
the treatment of allergic asthma [16]. In this previous
study, half of a group of asthmatic allergic children
(n=54) was exposed to water aerosol of an alpine
waterfall for 1 h/day over 3 weeks, whereas the other
half spent this hour at a water aerosol free control site.
The exposure to water aerosol had a long-lasting bene-
ficial effect on asthma symptoms and lung function, ac-
companied by a decreased inflammatory immune status
as indicated by elevated levels of IL-10 and regulatory
T cells.
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Mechanisms underlying the immunomodulatory effect
of high altitude include the normalization of eosinophil
levels, balancing of the TH2/Treg cell ratio, increase of
regulatory cytokines (e.g., IL-10), and even alteration of
immunoglobulin class switching [3, 4, 16, 17]. Further-
more, alterations of adrenocorticotropic hormone (ACTH)
and glucocorticoid secretion indicate that high altitude
affects both neuronal as well as immune circuits [1]. Nega-
tive air ions are also associated with psychological well-
being, e.g., due to an increased serotonin level [18].
Considering, it is conceivable that high-altitude climate
may also affect stress and its pathologic immunological,
physiological, and psychical consequences. Stress is known
to induce endocrine changes via mediators such as gluco-
corticoid hormones and catecholamines and thus also to
influence humoral and cellular immunity [19]. In a well-
balanced but fragile molecular and cellular network, the
immune, endocrine, and nervous system affect cognitive
performance, well-being, and behavior, and, in general,
also maintain health [20, 21]. For example, people with
high occupational stress, like caregivers, show impaired
specific and unspecific immune responses, both concern-
ing humoral and cellular immunity [22, 23], and chronic
stress is associated with a shift from a TH1 to a more
TH2-type immune response cytokine pattern [24]. Similar
T cell response types are also observed in the development
of asthma, which is not only influenced by stress, anxiety,
and depression but also affected by the microbiome [25].
Also, mucosal immune responses show a clear correlation
with stress. As a consequence of chronic stress, the abun-
dance of salivary IgA is decreased [26—29], and even more
subtle psychological parameters (like disgruntlement)
seem to influence salivary IgA levels [30-32]. As secretory
IgA is present in all mucosal surfaces, it is of crucial im-
portance for the first line of defense of the immune system
[33, 34]. Therefore, monitoring specific antibodies in a
workload situation, e.g., during a vaccine-induced im-
mune response, represents a suitable model to estimate
the immune status of an individual. Several studies
demonstrate the strong impact of psychological stress
on a developing humoral response, e.g., chronic burden
(like nursing care of a sick member of the family) inter-
feres with the humoral immune response to an influ-
enza vaccination [33, 35-39].

Typical and useful physiological parameters indicative
for stress and emotional strain are peripheral physio-
logical signals such as electric skin conductance (SC),
respiration rate (RSP), and heart rate (HR), all being
measurable in response to an artificial stressor [40—42].
The conductance of the skin is dependent of the quan-
tity of sweat, which is controlled by the sympathetic ner-
vous system and positively correlates with stress. Also,
respiration reflects the psychological and emotional
state, e.g., in relaxed situations, respiration is slow and
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regular, whereas fast and irregular rhythms of breath are
ascribed to stress emotions [43]. Similarly, the heart rate
and its variability correlate with comforting impacts and
defensive reactions. Stress and increased sympathetic ac-
tivity normally lead to an increase of heart rate, whereas
parasympathetic activity has the opposite effect [44, 45];
thus, effective stress adaption is known to increase gen-
eral well-being [46].

Based on the data showing an immunomodulatory
effect of the waterfall aerosols, we hypothesized that the
waterfall microclimate may exert a positive effect on
different stress parameters.

Therefore, the present randomized controlled clinical
study investigated whether in combination with a high-
altitude climate therapy, waterfall-generated ions would
provide an effective and cost-efficient therapy to miti-
gate various stress-related symptoms and strengthening
immunity.

As a trigger of many secondary diseases such as neuro-
psychiatric, cardiovascular, or metabolic disorders, stress
induces enormous economic costs [47, 48]. Interestingly,
nature itself may preserve a sustainable health resource to
counteract this trigger.

Methods

Subjects

Ninety-one persons working in care professions (19—
61 years old; 44 men, 47 women) were enrolled in the
study. People working in care professions are known as
high-risk occupational groups concerning psychological
and immunological consequences of stress [19, 24]. Re-
quirement for study inclusion was moderate to high stress
levels as defined by the Trier Inventory for the Assessment
of Chronic Stress (TICS) questionnaire, assessed 7 days
before beginning of the study (Fig. 1), and no previous
cholera vaccination. Exclusion criteria were fever, chronic
or severe diseases, including immune dysfunctions, and
treatment with antibiotics or immunosuppressants. The
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study was approved by the ethical committee of Salzburg
(E1066/29042009).

Study design/intervention
The study was set up as a randomized controlled clinical
trial with three arms.

Except for the non-intervention (control) group (CO,
n=26), all participants spent 1 week at the village of
Grofikirchheim (Carinthia, Austria) located 1024 m
above sea level, hosted in hotels and receiving the same
meals. For 1 h each day, the groups were separated for
intervention into a waterfall- (WF+, # =33) and a “non-
waterfall” group (WF-, n=32); group separation was
kept identical throughout the study. Individuals of the
control group stayed at home (without any intervention,
except vaccination), following their usual daily life.

The probands of the WF+ group were exposed for 1 h
to the Gartl Waterfall at 1000 m a.s.l., whereas the WF-
group spent this hour at a site about 1000 m away from
the waterfall, but at the same altitude. The average con-
centration of ionosols at this “control” site was 840 ions/
cm?® (mean air humidity 72.3% +23.1, mean temperature
15.3 °C +2.5), compared to the average 42660 ions/cm®
with maxima up to 57510 ions/cm® at the waterfall
exposed site (mean air humidity 84.6% 9.9, mean
temperature 16.9 °C +4.1) [9]. In order to exclude effects
based on different trainings, this location was selected at
the same altitude as the waterfall, with identical cumula-
tive elevation gain and distance from the starting point.

Except for this 1-h intervention, participants of the
WEF+ and WF- group had the same daily routine, and
both groups went through a daily hiking program at an
altitude between 1400 and 2900 m, with structured hikes
of at least 600 meters of cumulative elevation gain.

All participants received an oral cholera vaccine on
day 0 and day 6 of the study (Fig. 1).

The study took place from July to August 2009;
follow-up examinations were performed after 2 months

Saliva sampling

Questionnaires/scales
Saliva sampling
Questionnaires/scales

Saliva sampling
Questionnaires/scales
Physiological Parameters

2. oral vaccination with DUKORAL®

1. oral vaccination with DUKORAL®
Saliva sampling
Questionnaires/scales
Physiological Parameters

TICS

Intervention

Randomization

Day -7 Day O Day 6

Fig. 1 Study schedule. Schematic chronological process of the controlled clinical trial

v

Day 16 Day 66
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(Fig. 1). Physiological and psychological data from day 0
and day 6 were evaluated on site in a medical field
laboratory in Grofikirchheim, Carinthia. Follow-up ex-
aminations on day 16 and day 66 were held in the
Paracelsus Medical University Salzburg. Randomization
was performed with “Random allocation software”
program [49].

Environmental parameters of the Gartl Waterfall

The waterfall is located in the heart of the National Park
Hohe Tauern in Carinthia (Austria), situated in the com-
munity Grof3kirchheim in the upper Moll Valley. It is
easily accessible via a gently rising 1.5-km walk from the
village center and well established for waterfall expos-
ition. Its approximate drop height is 50 m in two
cascades and the average water flow is 0.6 m>/s (max
0.9 m%/s). Despite the moderate drop height, the water-
fall features very high concentrations of ionosols (mean
42660 ions/cm?®, max 57510 ions/cm?) floating the whole
valley beneath the impact zone. Air humidity near the
impact zone is 60-90%, consisting of respirable small
water drops, whereas ozone levels are virtually zero.

Vaccination

Mucosal immunity was tested by oral vaccination
with DUKORAL® from SBL Vaccines, which was given
on days 0 and 6 (Fig. 1). Dosage and mode of appli-
cation were according to the package information
leaflet [50, 51].

Collecting and analysis of saliva

Saliva (2-3 ml) was collected from all subjects in sterile
15-ml plastic tubes on days 1, 6, 16, and 66 in the morn-
ing (Fig. 1), immediately after waking up (thus contain-
ing the matutinal IgA concentration peak) [52]. The
tubes were stored at —80 °C until preparation and ana-
lysis. To determine DUKORAL® vaccine specific salivary
IgA concentrations, 96-well high-bind, flat-bottomed
immunoplates (FluoroNunc, Roskilde, Denmark) were
coated overnight at 4 °C with DUKORAL® vaccine anti-
gens (1 mg recombinant cholera toxin B subunit (rCTB))
diluted 1:100 with PBS (1x), corresponding to 0.01 mg
per well. After blocking for 1 h at room temperature
with 200 pl/well PTB (PBS/0.1% Tween 20/0.5% bovine
serum albumin (BSA)), the plates were washed with
PBS/0.1% Tween 20, and saliva was added at a dilution
of 1:100 in 100 ul/well PTB for specific IgA and incu-
bated for 1 h at RT. The plates were washed with PBS/
0.1% Tween 20 and incubated with 100 pl/well horserad-
ish peroxidase (HRPO)-conjugated goat anti-human IgA
(BioRad, Austria), diluted 1:1000 in PTB for 1 h at RT.
Again, the plates were washed (with PBS) and the
reaction was detected by adding luminol (Boehringer
Mannheim, Germany) (5 ml solution A (100 mM glycine
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pH 10 (NAOH)/0.4 mM luminol/8 mM iodophenol),
5 mL solution B (0.12% H50, in dH,0), and 10 ml dH,0).
Chemiluminescence was measured by a Promega ELISA-
plate luminometer (Promega, Mannheim, Germany). Lu-
minescence was calculated as photon counts per second.

Lung function and physiological stress test

The respiratory parameter analyzed was peak expiratory
flow (PEF) by means of a forced ex-in maneuver. All
tests were performed with EasyOneTM Plus Diagnostic
from ndd Medical Technologies by aid of two trained
scientists.

A computer-guided physiological stress test was per-
formed to measure heart rate (three-point ECG), respir-
ation rate (respiration sensor), and skin conductance
(finger clip) during a 3-min baseline phase, a 1-min
stressor phase (optical and acoustical stressors on the
computer screen), and a 4-min post-stress recovery
phase using a NeXus 10 multimodal device from Mind
Media (Mind Media BV, Netherlands). The arithmetic
mean of the respective physiological signal during the
stressor phase was set to 100%. The arithmetic mean of
the post-stress recovery phase was compared to the
100% line and used to measure the stress adaption of
the peripheral signals heart rate, respiration rate, and
skin conductance.

Questionnaires and scales

Trier Inventory for the Assessment of Chronic Stress

This questionnaire was used to differentiate between
various facets of chronic stress, measured by the retro-
spective rate of stress events in six areas (worries, work
overload, work discontent, lack of social recognition,
social stress, and intrusive memories) on a five-point
rating scale [53].

Visual analog scale

VAS was performed as a measurement tool for subject-
ive stress perception. On basis of a linear scale, partici-
pants can state their current stress level by indicating a
position along a continuous line between the two end-
points “no stress at all” and “unbearable stress”. The
analog aspect of linear scales creates preferably metrical
characteristics instead of discrete scales [54].

Symptom Check List-SCL 90

The SCL 90 questionnaire enables to analyze treatment
or progress of a variety of symptom dimensions, such as
somatization, obsessive-compulsive, interpersonal sensi-
tivity, depression, anxiety, hostility, phobic anxiety, ag-
gression, paranoid ideation, and psychoticism. The test
provides an overview and displays intensity of symptoms
at the moment and in progress, including three global
indices, i.e., Global Severity Index (GSI) (describing
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overall psychological distress), Positive Symptom Dis-
tress Index (PSDI) (describing intensity of symptoms)
and Positive Symptom Total (PST) (describing the num-
ber of self-reported symptoms) [55].

Maslach Burnout Inventory (MBI-D®)

The original Maslach Burnout Inventory was developed
to measure intensity and incidence of perceived burnout
in care professions. The authorized German version
MBI-D, closely aligned with the original, surveys three
components of burnout syndrome based on several spe-
cific items: emotional exhaustion, depersonalization, and
personal accomplishment [56].

List of complaints (KSb-S BL)

This questionnaire is an independent part of the test-
battery KSb-S (the german abbreviation KSb-S stands
for “clinical self-assessment-scales”, BL for “list of com-
plaints”, PSYCHIS Munic), which captures the degree of
subjective impairment due to physical, e.g., joint pains
and general complaints (e.g., faintness). Combination of
quantity and levels of manifestations (heavy—moderate—
little—not at all) result in a total interference of com-
plaints, reflecting a constitutional change over time [57].

Mental state scale (KSb-S Bf-S)

Like the BL, the Bf-S is also an autonomous part of the
test-battery KSb—S which is arranged to reflect the
change of the present, psychical, and subjective mental
state in an aggregate value, figuring the whole range of
normal and pathologic changes of well-being [58].

Recovery-Stress Questionnaire—EBF

This questionnaire figures an individual’s current recovery-
stress state using retrospective (last 3 days) information of
stressful situations, reactions, and recovery activities in a
self-assessment test. Answers are queried in a seven-point
scale, ranging from never to always [59].

Statistical analysis

All analyses were performed using the IBM SPSS statis-
tics version 22 (IBM, NY, USA, http://www.spss.com/).
Different linear mixed models, three-armed (LMM1, WF
+, and WF- group compared to CO group) and two-
armed (LMM2, WF+ group compared to Wf- group)
were used for statistical analysis of all variables with
more than two time points and high individual varia-
tions. Unlike a linear regression analysis, a linear mixed
model is able to detect changes despite high individual
variations in the IgA levels and questionnaires. Time,
treatment, and interaction of treatment and time were
set as fixed factors. To take individual differences into
account, the patient IDs were included in the models as
random effect. A third linear mixed model (LMM3) was
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used to detect changes over time for the main outcome
variable of secretory IgA (sIgA) levels, excluding the
interaction of time and treatment, with only time and
treatment as fixed factors of each. Linear regressions were
performed to detect intervention effects in all physiologic
parameters and the visual analog scale, lacking of high-
individual variations and inset at two time points. To
identify significant differences of the baselines between
the three study groups, comparison of means was done
with ANOVA including Bonferroni correction for para-
metric data; Wilcoxon signed-rank test or Mann—Whitney
U test was applied to non-parametric data.

Figures are shown as means + standard deviation (SD).
Statistical significance was expressed as p <0.05 (*) or as
p<0.01 (**).

Furthermore, all study data were subjected to
Kolmogorov—Smirnov (with Lilliefors correction of
significance) and Shapiro—Wilk normality tests—70%
of the data generated passed the tests.

Results

Patient characteristics

The randomized, controlled clinical study comprised 91
participants working in care professions consisting of 47
females (mean BMI 22.50+3.51 SD) and 44 males
(mean BMI 24.33 + 3.16 SD), ranging from 19-61 (30.93
mean * 10.39 SD) years of age. No significant differences
were found between baseline values of both intervention
groups (WF+ and WF- group). The control group (CO)
had a bias in age and was slightly younger compared to
both other groups.

Response to mucosal vaccination

The vaccination protocol led to a detectable antigen-
specific mucosal immune response in approximately one
half of the immunized subjects. Responders and non-
responders were defined by measuring vaccine-specific
salivary sIgA titers. A value of three standard deviations
above the IgA titer of the serum taken prior to
immunization (pre-serum) served as baseline. Partici-
pants with values above baseline were determined as
responders (Yn=48 (n (WF+)=16; n (WF-)=18; n
(CO) =14)). Data of non-responders (Xn =43, equates
~47%) got excluded from statistical analysis of specific
IgA levels.

A comparison of IgA titers of both intervention
groups (WF+ and WF-) with the non-intervention con-
trol group with a linear mixed model (LMM1) shows no
significant difference but a statistical trend (p =0.055)
on day 16 of the WF+ group, compared to that of the
CO group (Fig. 2). The strongest percentage increase at
all time points can be found in the WF+ group
(Table 1).
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The specific impact of the waterfall ionosols was eval-
uated with a linear mixed model (LMM2) of the two
intervention groups WF+ and WF-. The result indicates
a significant increase of salivary IgA titers in the WF+
group on day 6 and day 66 (Fig. 3).

A linear mixed model excluding interaction of time
and treatment (LMM3) showed significant changes over
time in both intervention groups at all time points (day
6 p =0.000, day 16 p = 0.000, day 66 p = 0.001).

Subjective stress perception

The visual analog scale assessing the subjective stress
perception was applied on day 1 and day 6. A signifi-
cantly lower stress level could be measured in the WF+

Table 1 Antigen-specific salivary IgA-levels

Day 6 Day 16 Day 66
WF+ Photon counts 498 583.8 458 859 374 0343
% change 163.1 142.1 974
WF— Photon counts 365 4453 465 156.6 2930127
% change 422 80.9 14
co Photon counts 6153125 438 061.5 385 6537
% change 836 30.7 15.1

Data of the intervention groups (WF+ and WF-) and the control group are
given in photon counts. % change indicates the increase of IgA titers after
immunization compared to the baseline (pre-serum)

group after the intervention week on day 6, compared in
the control group (lin. regression, p = 0.000, R* = 0.615),
and a clear trend to a waterfall-specific beneficial influ-
ence when compared to the WF- group (lin. regression,
p =0.054, R* = 0.179) (Fig. 4).

Psychological stress parameters and burnout symptoms
Linear mixed model (LMM1) analysis of the SCL-90
questionnaire revealed improvement in six of the ten
symptom dimensions in both intervention groups after
6 days (compared in the control group): aggression, day
6: WF+ p=0.000; WE- p=0.006, day 66: WE+ p=
0.058; obsessive-compulsive, day 6: WF+ p = 0.005; WF—
p =0.023; depression, day 6: WF+ p=0.006; WE- p=
0.036; paranoid ideation, day 6: WF+ p =0.006, day 66:
WE+ p=0.023; phobic anxiety, day 6: WF+ p=0.005;
WE- p=0.042, day 66: WF+ p=0.002; interpersonal
sensitivity, day 6: WF+ p =0.034 (Fig. 5). No differences
could be detected with respect to the parameters
somatization, anxiety, hostility, and psychoticism (data
not shown) [55]. Significant long-lasting effects (day 66)
could be measured in the waterfall group for two param-
eters (phobic anxiety and paranoid ideation). Again, the
data indicate a clear trend of a beneficial effect of the
waterfall environment.

Furthermore, on day 6, both the Global Severity Index
assessing overall psychological distress, as well as the
Positive Symptom Total, which displays the number of
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scribes the intensity of symptoms, elicited no differences  significant improvement in the WF+ group in the

~N

VAS
100 _
g 501
] A R
17
it 4
£
g o *— 4
8’ \‘\\‘
c
©
= -+
< b p=0.000"
® 309 ? p=0.
-100 - - 1
0 1 2 3 4 5 6 7
days
—o— WF+
—@— WF-
—e— CO
Fig. 4 Subjective stress perception. Visual analog scale of subjective stress perception. Stress levels in the WF+ group were significantly decreased
(compared to control) and shown a trend to a specific waterfall effect (WF+ to CO p=0.000, B> = 0.615; WF+ to WF—: p=0.054, R = 0.179; WF-
to CO p=0.066, B> =0.496). Data shown in means (+SD). Statistical analysis calculated with linear regression
J




Grafetstatter et al. Journal of Physiological Anthropology (2017) 36:10

Page 8 of 12

\

% Change from Baseline % Change from Baseline

% Change from Baseline

—o— WF+
: —o— WF- . .
agression co obsessive-compulsive
0 30
20 p =0.058 § 20
[
10 - c% 10
0 § o
=
-10 & -10
=
L
21 p = 0.000** S 21 p = 0.005*
-2 p = 0.006* -0 ‘ p =0.023*
0 10 20 30 40 S0 60 70 0 10 20 30 49 S 60 70
days days
depression paranoid ideation
30 30 j
2 g = | p = 0.023*
10 < g 10 —-J
0 S 0 —<‘
-10 & 10
x| F| p=0006* § 20
2 p=0.036* 1 £ ]
40 ——— -40 | ——r—————
0 10 20 30 40 50 60 70 0 10 20 30 4 5 60 70
days days
phobic anxiety interpersonal sensivity
30 - 30 I‘
20 p = 0.002* 2 J
10 4 g 10 4
0- § o 1
-10 §> -10
o * —_
20 - p =0.005 g 204 p = 0.034*
p = 0.042* e
-30 - -30 -
-40 — : s -40 — : o

0 10 20 30 40 50 60

days

0 10 20 30 40 5 60 70
days

Fig. 5 SCL-90 questionnaire. Results of the SCL-90 questionnaire shown in percentage change from baseline. The data indicate beneficial effects of both
interventions, with stronger significances for the waterfall group. Linear mixed models of the three study groups over time. Data shown in means (£5D)

category depersonalization, compared in the control
group on day 66 (day 6 p =0.064, day 66 p =0.002). No
differences could be measured concerning the other two
components, i.e., emotional exhaustion and personal ac-
complishment over time in all groups. With respect to

the list of complaints (BL), reflecting constitutional
changes during the trial, the WF+ group showed a sig-
nificant positive long-term effect on day 66 (p =0.011).
Both intervention groups show a decrease of complaints
on day 16 (WF+ p=0.086, WF- p=0.057), and the
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mental state scale (Bf-S) clearly indicates enhanced
well-being short-term effects on day 6 (WF+ p =0.051,
WE- p=0.06). The recovery and stress questionnaire
(EBF) revealed less stress (day 6, p = 0.068) and improved
recovery only in the waterfall group (day 6 p = 0.07, day 66
p=0.036). All statistical analyses were done with LMM1
(data not shown).

Lung function and stress-associated peripheral
physiological parameters
No significant differences between the groups regarding
all determined physiological parameters and peripheral
signals could be detected at the beginning of the study.
Exposure to the waterfall had a significant positive effect
on lung function as measured via peak expiratory flow
(PEF) on day 6 (WF+ to CO p=0.023, R*=0.346). No
significant effect could be detected in the WF- group
(WE- to CO p=0.136, R*=0.047) or between the two
intervention groups after 1 week of intervention (WEF+
to WF- p = 0.359, R* = 0.079) (Table 2, Fig. 7).

All peripheral signals of the physiological stress test
decreased in the W+ and W- group after 1 week. The

Table 2 Means of evaluated physiological data (£SD)

PEF (L/sec)  HR (%) SC (%) RSP (%)
WF+  Day 0 87+20 987+55 884+128 912173
Day 6 90£19 94792  815+137 837+162
WF- Day0 85+15 977+60 868+124 91.1£123
Day 6 89+1.7 920+69 873+£143 827%130
Cco Day 0 86+21 100670 908+82 96.1+173
Day 6 86+18 1014+73  904+136 974+196

Physiological data of the intervention groups (WF+ and WF-) and the control
group on day 0 and day 6. Raw data of the peak expiratory flow (PEF) shown
in means (+SD). Means (+SD) of the 4-min post-stress recovery phase of heart rate
(HR), skin conductance (SC), and respiration rate (RSP) are shown in percentage (in
relation to the 100% reference, means of the 1-min stressor phase)

results show the arithmetic mean in percentage of the 4-
min post-stress recovery phase, compared to a 100%
reference line, which reflects the arithmetic mean of the 1-
min stressor phase in percentage. Results below 100% indi-
cate the ability to reconstitute a parasympathetic physio-
logical state, to calm down, and to relax after a stressor
within the 4-min post-stress recovery phase. Compared to
the control group, the respiration rate was decreased sig-
nificantly in both intervention groups (WF+ to CO p=
0.016, R* = 0.164; WF- to CO p =0.004, R*=0.169). Simi-
larly, skin conductance indicating sympathetic activity and
sweat production was reduced after 1 week of waterfall ex-
position (WF+ to CO p =0.017, R%*=0.151), with a trend to
a waterfall-specific additional effect (WF+ to WF- p=
0.056, R* = 0.187). The heart rate was significantly lowered
in both intervention groups (WF+ to CO p=0.011, R*=
0.421; WE- to CO p =0.000, R*=0.492) (Table 2, Fig. 7).

Discussion

The present controlled and randomized clinical study
addressed the question whether the specific environment of
a waterfall provides additional beneficial effects for prophy-
lactic and therapeutic stress management when combined
with high-altitude climate therapy and physical activity
(mountain hiking in the protected area National Park Hohe
Tauern in Austria). As stress represents a complex
phenomenon including psychological, physiological, and
immunological effects, we investigated selected parameters
of all of these three aspects. For this purpose, two study
groups with moderate to high stress levels spent an active
1-week sojourn in the National Park Hohe Tauern with
identical parameters concerning daily mountain hiking, ac-
commodation and food supply, except for 1 h/day. One
group spent this time at the waterfall, the other at the same
sea level but free from the waterfall-specific environment.
A third study arm was recruited as a control group, keeping
their normal daily life without any intervention.
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The results of our study are in line with publications indi-
cating positive health effects of green exercise and high-
altitude climate therapy, which have been already proven to
contribute to the improvement of respiratory and/or aller-
gic diseases [3—5, 16]. Our data suggest to expand the ap-
plicability of this simple and cost-effective health provision
for treatment of stress-related symptoms. Interestingly, sev-
eral of the investigated parameters were significantly chan-
ged with a 1-h/day exposure to the environment of a
waterfall. Most strikingly, beyond psychological and physio-
logical stress-related symptoms, the specific humoral sIgA
immune response after oral vaccination was significantly
improved by the additional waterfall exposure. Secretory
IgA is present in all mucosal surfaces; it is of crucial im-
portance for the first line of defense of the immune system
at mucosal barriers [33, 34].

Currently, we know that the immense power of the fall-
ing water cracks small water droplets in a specific way,

resulting in small nano particles carrying a negative
charge, whereas the created bigger fragments are charged
positively. The specific environment around waterfalls is
characterized by these mainly negatively charged “Lenard’s
ions” hovering in the air, while the positive-charged frag-
ments sink to the ground [10, 60-62]. The airborne nano-
aeorosol is assumed to trigger a variety of biological
effects, e.g., mild activation of the immune system, in-
ducing a balance between TH1/TH2 immunity, stabil-
izing the autonomous nervous system, and improving
blood flow [16, 63-65]. In a mouse model, water-gen-
erated negative ions have been shown to enhance cytotoxic
activity of natural killer cells [66]. It is also conceivable that
the high concentration of negative air ions near waterfalls
could influence the human microbiota. Furthermore, the
waterfall environment itself provides a specific microbio-
logic atmosphere, which may directly effect the microbiota
of skin and mucosal surfaces [14]. This waterfall-altered
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microbiome could act as an immunological adjuvant and
thus be responsible for the observed effects on mucosal
immunity.

Negative air ions have also been shown to influence psy-
chologic well-being by an increased serotonin level [18]
and to enhance positive emotional processing in seasonal
affective disorder [67] and have also been associated with
lower depression scores [68]. An “added value” concerning
the mood-raising effect may simply originate from the
extraordinary beauty of the waterfall itself [69].

Conclusions

Numerous curing and healing effects are ascribed to wa-
terfalls in ancient traditions and folk wisdom in many re-
gions of the world. The present randomized, controlled
clinical study provides evidence for an added value of a
daily 1-h stay for 1 week in a waterfall environment in
combination with green exercise and high-altitude climate
therapy. Furthermore, the data point to an influence of the
waterfall ionosols on complex “psychoneuroimmunologi-
cal” regulatory circuits.

The results of this study also provides a rational basis
for further research with an aim to develop schedules
for new and effective prophylactic therapies for high-risk
patients suffering from psychological and physiological
stress symptoms.
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We present a method for the estimation of annual radon concentration based on short-term
(three months) measurements. The study involves results from two independent sets of indoor
radon concentration measurements performed in 16 cities of the Republic of Macedonia. The
first data set contains winter and annual radon concentration obtained during the National sur-
vey in 2010 and the second, contains only the radon concentration measured during the winter
of 2013. Both data sets pertain to radon concentration from the same cities and have been mea-
sured applying the same methodology in ground floor dwellings. The results appeared to be
consistent and the dispersion of radon concentration was low. Linear regression analysis of the
radon concentration measured in winter of 2010 and of the 2010 annual radon concentration
revealed a high coefficient of determination R? = 0.92, with a relative uncertainty of 3%. Fur-
thermore, this model was used to estimate the annual radon concentration solely from win-
ter-term measurements performed in 2013.

The geometrical mean of the estimated annual radon concentration of the 2013: radon concen-
tration (A-2013) =98 Bqm™3 was almost equal to the geometrical mean of the annual radon
concentration from the 2010, radon concentration (A-2010) = 99 Bqm™3. Analysis of the in-
fluence of building characteristics, such as presence/absence of a basement in the building, or
the dominant building material on the estimated annual radon concentration is also reported.
Our results show that a low number of relatively short-term radon measurements may produce

a reasonable insight into a gross average obtained in a larger survey.

Key words: ground floor dwelling, indoor radon, linear regression analysis, uncertainty

INTRODUCTION

The majority of the urban population spends
long periods indoors, where radon accumulates, which
may lead to elevated indoor concentrations. Radon is
known as the most significant contributor to the dose
received by the population due to exposure to natural
sources of ionizing radiation [1]. To reduce the risk
from radon exposure, authorities of many countries
prepared national radon programmes the overall de-
signs of which are based on the experience gained
from the national surveys. The programmes incorpo-
rated the knowledge about the temporal and spatial

* Corresponding author; e-mail: zdenka.stojanovska@ugd.edu.mk

variability of the radon concentrations (Cy,) con-

trolled by numerous natural and anthropogenic factors

[2, 3]. Aradon survey qualifies as being national when

it involves simultaneously measuring the Cy,, in a rep-

resentative sample of dwellings throughout the entire
country during a year. In general, the measurements
are performed with nuclear track detectors.

The detectors are usually deployed for the fol-
lowing periods of time:

(a) quarterly, where the detectors are exposed in four
successive periods of three months (one full sea-
son) [4-6],

(b) semi-annually, two successive periods for a dura-
tion of six months, including two full seasons [7],
or, and
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(d) annually, for a period of one year [8, 9].

Regardless of the time of exposure, the results
are expressed as an annual Cy,,. In cases (a) and (b) the
annual Cy,, is presented as arithmetic mean of the mea-
sured concentrations in the successive periods. In the
case under (c) the annual Cy,, is measured directly.

The radon problem became a serious concern
throughout the Balkan region. Large amounts of re-
gional data became available from recent surveys car-
ried out in Serbia [10-14], the Republic of Srpska [15,
16], Bulgaria [17], Romania [18] and Greece [19].
Also, several campaigns of Cy, measuring have been
conducted in the Republic of Macedonia over the last
decade. The greatest source of data was provided by
the national surveys of radon and thoron in dwellings
inthe Republic of Macedonia from 2010 [20-22]. Fur-
ther research of Cy, was conducted in schools and
dwellings [6, 8]. Moreover, some investigations were
done for establishing a relationship between the in-
door Cg,, and the activity of ?°Ra in surface soil [23].
Aspartof these activities, a supplementary survey was
carried out in 47 dwellings from 16 cities during the
winter months of 2013. The results are a subject of this
study. We present the evaluation of annual Cy,, and its
uncertainty comparing the variance of results with
those of the national survey measured in the same cit-
ies in 2010. Variation related to building characteristic
is also discussed.

MATERIALS AND METHODS
Design of survey

The radon detectors were distributed within a
campaing that involved undergraduate students from
the first year of the Faculty of Medical Sciences in
Stip, class 2012/2013. Students originating from vari-
ous cities throughout the country were instructed to
deploy a radon track-detector at the ground floor of
their homes in their home cities. They were asked to
keep the detector deployed during a three-month win-
ter period (January to March 2013). The 47 detectors
were deployed at a distance greater than 50 cm away
from a wall and away from a heating source in the most
occupied room (either living room or bedroom). The
students filled out a questionnaire, providing general
information about the characteristics of the house or
building: position (GPS co-ordinates), presence/ab-
sence of basement, smoking habits, and the type of
dominant building material. Some of these factors
were further considered as a grouping parameter in the
statistical analysis of the results. Four of the detectors
were lost during the campaign. Finally, we received re-
sults for 43 dwellings located in 16 cities, pertaining to
winter 2013. The cities under observation are charac-
terized by different geographical position trough the
country (fig. 1), and are located at altitudes between
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Figure 1. Spatial estimate of annual Cy, in 43 dwellings;
coordinates in m, GISCO Lambert azimuthal equal area
projection

70 mto 650 mabove sea level. They also belong to dif-
ferent geological zones categorised in different
litho-stratigraphic units.

Using the list of the cities included in the 2013
survey we extracted the Cy, results for the winter sea-
son in 2010, Cg,(W-2010), and for the entire year
2010, Cg,(A-2010). The 2010 dataset included Cy,, re-
sults from 186 different dwellings in 15 cities. One of
the cities from the 2013 survey was not included in the
list of the survey in 2010, but was kept for the study.

Measurements

The radon concentration in 2013 was measured
using the same nuclear track detectors with commer-
cial name RSKS, product of Radosys, Hungary, that
were used for the survey in 2010. The track detectors
consisted of a CR-39 detector placed in a cylindrical
diffusion chamber with 25 mm x 40 mm. After being
collected, the detectors were sent to the National Cen-
tre of Radiobiology and Radiation Protection in Sofia
Bulgaria, for analysis.

The CR-39 detectors were detached from the dif-
fusion chambers, and were chemically etched in 6.25 M
solution of NaOH at a temperature of 95 °C for 3.4
hours. The track counting was performed by the optical
transmission microscope using an automated image
analysis system. The software identified the detector's
ID code engraved onto the surface of the CR-39. Using
an appropriate calibration factor, the software con-
verted the detected number of tracks per unit area (track
density) into radon concentration, expressed as

CRn:f;;p_pb:_f;;pnet (1)

t t
were Cy is radon concentration (in kBqm ), while py,
and p are the background and counted track density

per mm’, respectively; /: is a calibration factor, and ¢ is
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the exposure time in hours. The calibration factor for
this series of detectors was provided by the manufac-
turer, f; = 44.47 £ 3.53 (in tracks per mm*/ kBgh per
mm ). The background track density p, = 0.417 +
+0.05 (in tracks per mm?) was determined from 10
blank detectors measurements.

To determine the annual radon concentrations by
using short-term (winter) measurements one should
first establish the relation between them. For this pur-
pose we have provided a linear regression analysis of
the measured Cp,, in the winter 2010, Cy,(W-2010)
and the annual Cy,(A-2010). The analysis yielded the
following eq.

Cra (A):aCRn(W)+b:apr%S‘+b )

where a and b are the constants of the linear depend-
ence of the annual vs. the winter Cg,,.

The quantification of the uncertainty was done
in accordance with the method, recommended in the
EURACHEM Guide [24] and IAEA Tec doc 1401
[25]. The combined standard uncertainty was esti-
mated by applying the law of uncertainty propagation
for the independent variables

2 2 2
= 100) () [}
1 2 n

where the u(x)/x are the uncertainties expressed as rel-
ative standard deviations.

The uncertainty of the annual radon concentra-
tion was estimated taking into account its probability
distribution, converting each source of uncertainty
into a standard uncertainty, and finally, combine them,
as shown in eq. 4.

According to egs. 2 and 3, the combined uncer-
tainty of the estimated annual concentration Cy, (A) is
given in eq. 4

1, [Cro (A)]=Cry (A):
2 2 2 2
\/[ucfc)J {u(pw )J (1) ()
: fc P net t a 4)
The uncertainty of the calibration factor u(f;)
was provided by the manufacturer (Radosys). Its rela-
tive value was 7.9 %.
The uncertainty of the net track density is calcu-
lated as a combined uncertainty of the track density

and the background track density of an unexposed
(blank detector), as given with eq. 5

2 2
U(Pot )= Pret \/(”(” )j +[”(”B)j 5)
P PB

Both uncertainty components in eq. 5 were de-
termined from multiple series of measurements. Re-
peated measurements of detectors for QA with low,

medium, and high track density gave the relative un-
certainties of 8, 5, and 3 %, respectively. The relative
uncertainty of 12.5 % for the background uncertainty
was obtained from repeated measurements of 10 blank
detectors.

It should be also noted that the exposure time in
eqs. | and 2 is expressed in hours. On the other hand,
the reported time of detector exposure is measured in
days (24 h). Therefore, we assume a possible contribu-
tion of several hours' difference at the times of deploy-
ment of 46 track-detectors to the overall uncertainty.
Lacking the knowledge about the shape of the data dis-
tribution, but knowing the time range of 2 day (1 day
for deploying and 1 day for collecting detectors), we
have estimated this type of uncertainty theoretically.
Assuming a rectangular distribution of the exposure
time, the uncertainty was calculated as u(¢) =2/ V3 in
days. For the detectors exposed during three months in
winter 2013, the relative uncertainty for a time expo-
sure was within the range: from 0.8 to 1.7 %.

The uncertainty of the constant @ in eq. 4 was ex-
pressed with the uncertainty originating from the lin-
ear least squares fitting procedure. It was calculated as
the root mean square (RMS) of the differences be-
tween the experimental and modelled values. It was
found to be 3 %.

Finally, in this study, the relative combined un-
certainty of annual Cy,,, that included the uncertainties
of calibration factor, detector background, track
counting, exposure time and seasonal correction was
found to be between 10 % and 14 %.

RESULTS AND DISCUSSION

Table 1 shows the descriptive statistics of the in-
door Cy,. The last two columns refer to the results of
the survey from 2010, whereas the second last column
refers to winter quarterly measured C,(W-2010) and
the last one corresponding to the annual radon concen-
tration Cy,(A-2010), that was calculated as an average
Cg, from the measurements of the four seasons in
2010. The first and the second column pertain to the
data from 2013, where Cg,(W-2013) represents the
measured values in the winter and Cy,(A-2013) is the
estimated annual value with applied seasonal correc-
tion, using the linear model from 2010. The measuring
locations and the estimated annual Cg,(A-2013) are
mapped on fig. 1.

The results were fitted with a log-normal func-
tion. Kolmogorov-Smirnov and Chi-square tests were
used for testing the hypothesis that the data follow a
log-normal distribution. For all data sets, the assump-
tion was confirmed at 95 % level of significance. Fur-
thermore, normality was tested by using the Ander-
son-Darling and Shapiro-Wilk tests. The summary
results of the tests are presented in tab. 2. The obtained
values for the error probability (p) were greater than
0.05, and thus confirmed the hypothesis for log-nor-
mality and normality.
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Table 1. Descriptive statistics of indoor radon concentrations covered in this work

Statistic Cro(W-2013) [Bqm ] | Cro(A-2013) [Bqm ] | Cra(W-2010) [Bqm *] | Cr,(A-2010) [Bqm ]
Number of observations 43 43 186 186
Minimum 30 26 17 18
Maximum 535 460 956 552
Median 110 95 135 96
Mean 140 120 179 123
Standard deviation 98 85 150 93
Variation coefficient (CV) 70 % 69 % 84 % 75 %
Geometric mean (GM) 114 98 137 99
Geometric standard deviation (GSD) 1.90 1.90 2.06 1.91
Table 2. The summary results of distribution fitting tests
Variable/test Kolmogorov-Smin?ov ‘ : .qhi-square Shapiro-Wi‘lk : Anderson-Darling
Log-normality testing original data Normality testing In transformed
Cra(W-2013) »=0.998 p=0.454 p=0.996 p=0.992
Crn(A-2013) p=0.998 p=0.421 p =0.996 p=0.992
Cra(W-2010) p=0.853 p=0.033 p=0.762 p=0.553
Cra(A-2010) p=0.719 p=0.150 p=0.364 p=0317

Linear model development

The model was developed with the parametric
linear regression analysis applied to the results from
2010. It appeared that the dependence among the an-
nual concentrations of radon can be very well de-
scribed with a linear function. The results are shown
graphically in fig. 2. The regression coefficients of the
linear model, Cy,(A)= Cyr,(W)a+b, are as follows:
a=0.859 and b= 0.369, with a high coefficient of de-
termination R? = 0.92.

Comparison between Cg, measured
in 2010 and 2013

We compared the homogeneity of the C,,(2010)
and Cy,(2013) variances using the Bartlett test (BT). The
null hypothesis assuming the variables have the same
variance, was confirmed for p > 0.05. From here it fol-
lows that the variances of the measured Cy,(W-2010)
and Cy,(W-2013) were practically equal (BT, p =
=0.978). Likewise, it appeared that the variance of the

7.0
6.5+
6.0+ ---—- Confidence interval {(mean 95 %)
55 Confidence interval (obs. 85 %)
5.0+
45+
40+
35+
3.0 y=10.859 (0.018)x + 0.369(0.091)
25 R?=092
2.0 + + + $ + + +
25 3.0 35 4.0 4.5 50 55 60 65 7.0
Gy [W] [Bam™]

Model

ING, [A] [Bgm™]

Figure 2. Result of the regression analysis of annual and
Cromeasured in the winter of 2010. Regression model:
y=ax+ b (in brackets: uncertainty of coefficient)

annual concentrations Cp,(A-2010) and Cg,(A-2013)
were also equal (BT, p = 0.952).

The differences between GM values were also
tested. Since the data followed the normal distribution
and the variances of the two data sets were equal, the
Student's #-test for independent samples/two-tailed,
was applied for the log-transformed values of the Cy,,.
The differences between the GM values of the mea-
sured winter Cy, for both surveys (2010 and 2013)
were negligible (Student #-test, p = 0.124). It also ap-
plies to the differences between the estimated annual
mean values (Student 7-test, p = 0.924).

Impact of the building characteristics

We also compared the variances of Cy, for two
groups of data, classified according to either the pres-
ence or absence of a basement in a dwelling. Further-
more, we compared the variances between the groups
of houses that were made of different dominant con-
struction material. The results of the Bartlett test for all
the groups are given in tab. 3. Because the datasets are
homogeneous (BT, p > 0.05) and normal (AD, SW,
p > 0.05), the influence of these factors was tested on
the grouped Cy,, by ANOVA (analysis of variance) and
Fisher LSD test.

ANOVA for winter and annual CRn from 2013,
grouped according to the “presence of basement” and
“building materials” showed significant differences
between the mean values of the groups (ANOVA,
p <0.0001 in both cases). The 2010 data test also re-
vealed significant differences. ANOVA gave a value
p =0.006 for the winter measurements and p =0.001
for the annual values, respectively.

The Fisher LSD test for Cg, winter measure-
ments showed that its mean radon concentration val-
ues in houses without basements are higher than those
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Table 3. Results of the grouped Cg, by presence of
basement and building materials homogeneity testing

Bartelett test
Grouped by Grouped by bulding
basement materials
In Crs (W-2013) 0.493 0.922
In Cgy, (A-2013) 0.485 0.924
In Cr, (W-2010) 0.874 0.403
In Crs (A-2010) 0.449 0.294

measured in houses with basements, p = 0.0002 (fig.
3). Apparently, the results showed simmilar behaviour
for the annual concentrations of both surveys. The
mean value for Cy, measured during the winter season
of 2010 is LSD, p = 0.001 and for the annual value
LSD, p = 0.0003, respectively.

The influence of building materials on the in-
door Cy,, is not as obvious as the one of the presence of
a basement, as was previously described by other au-
thors [26,27]. For example, in the 2013 survey, the im-
pact of building materials is significant (LSD, p =
= 0.006 (winter); p = 0.006 (annual)) while in the 2010
survey itis not (LSD test, p=0.261 (winter); p=0.174
(annual)). Figure 4 shows the GM values of Cy, taken
from both surveys (2010 and 2013), grouped with re-
spect to the type of building material. The mean value
of Cy,, measured in winter in the new survey for houses
built of concrete was lower than for those made of
stone (LSD, p = 0.003) and lower than for those con-
structed of brick (LSD, p = 0.009). The mean values
were divided into two groups: Group 1 — houses built
of brick and stone and Group 2 — houses built of con-
crete. Figure 4 reveals that a similar trend exists for the
values from the national survey but it is not repre-
sented by a significant grouping as in the new survey.
For example, the differences were significant only be-
tween the mean Cp, for the houses made of stone and
concrete (LSD, p=0.037 for the measurements in win-
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Figure 3. Geometric means of Cy, in houses with and
without basements
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Figure 4. Geometric means of Cg, in houses built from
bricks, concrete and stone

ter), (LSD, p = 0.021 for annual concentration). How-
ever, the differences between concentrations related to
houses of bricks and houses of stone were not signifi-
cant. Hence, the Cy, values can be grouped in two
groups (brick/stone and concrete).

To summarize, it should be noted that: the factor
“basement” clearly showed the influence of geogenic
radon on indoor Cp,. On the other hand, building ma-
terial appeared to be a less dominant factor that influ-
ences the indoor Cy,,.

Figure 5 was created for further clarification of
the influencing factors. It shows the geometric means
(GM) of Cy,, for both surveys grouped by two factors:
the presence of basement and building materials. For
example, in houses with no basement (1 and 2 bars) for
which the dominant building material is brick, there is
no diference between the 2010 and 2013 survey (error
bars overlapping). However, notable differences ap-
peared for brick houses with basements (error of 3 and
4 bars overlapping). That this may be affected by the
season factor is indicated by the fact that this differ-
ence does not appear for annual Cy,, in houses made of
bricks with basements. In the same figure, the seasonal
impact can be seen in houses with basements built of
concrete. For houses made of stone with no basement,
the results cannot be compared because the 2013 sur-
vey includes only one such house. However, one can
see that the error bars of radon concentration in all
groups overlap, meaning that all groups have the same
mean values.

Furthermore, the results of Cy, measured in the
buildings made of concrete showed slightly different
behavior than brick and stone houses. The Cy,, values
for 2013 pertaining to the group of houses built of con-
crete are lower than those from the 2010 survey mea-
surements (the 1 and 3 bars are lower than the 2 and 4
ones in fig. 5). The apparent inconsistencies can be ex-
plained by a small number of samples in 2013, as well
as that the samples do not necessarily represent the
population exposed to the same environment, as the
geology of cities may vary. Furthermore, the house
characteristics are determined by many other factors
other than the presence of basement and building ma-
terial, which cannot be expected to be “averaged

1m 2013B-no
2m 2010/B-no
3m 2013B-yes

51 4w 2010B-yes '
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Figure 5. Geometric means of Cg, in houses built of
brick, concrete and stone in houses with and without
basements
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away” with only few samples. This illustrates that
apart from the seasonal variations, the influence of
some other factors related to characteristics such as
age of the building [28, 29], type of windows [30],
heating method [31], wall finishing [32], number of
floors [33] and geology [34-36] should notbe ignored.

CONCLUDING REMARKS

A student campaign was organized in the winter
of 2013 for indoor Cy,, measurements in ground floor
rooms of 43 dwellings in 16 randomly selected cities
in the Republic of Macedonia.

To estimate the annual Cy, for 2013, the winter
data were adjusted to annual means by applying a lin-
ear model, derived from the results of the 2010 survey
by regression of annual vs. winter. The obtained func-
tion in this way has a high coefficient of determination
and a negligible contribution to the combined uncer-
tainty of the annual radon concentration.

Analysis of the data shows that Cy, measured in
the winter as well as estimated annual Cy, from the
2013 and 2010 survey:

— can be described with log-normal distributions,

— have the same variance and GM values (insignifi-
cant difference),

— have the same variances when grouped with re-
spect to the presence of basement and the domi-
nant building material,

— showed the same trend of the differences in GM
values between Cy, in houses with and with no
basement, and

— showed the same trend of differences of GM val-
ues between the Cy, values for houses built from
concrete and stone.

The proposed method aims to provide time and
cost effective measurements (three-month duration —
single disposable detector) for estimation of the annual
indoor radon concentrations Cg,(A). Similar models
could be developed for estimation of the annual Cy, us-
ing a different season of the year (summer, spring or
fall). Actually, something very similar has been done al-
ready in Macedonia [22] and India [37] where the
method was used to estimate missing seasons.
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3nenka CTOJAHOBCKA, Kpemena UBAHOBA, ITutrep BOCEB,
baaxo BOEB, 3opa, C. KYHWh, Maptuna HHIEHOBA, 3opan hYPI'Y3,
Mpeapar M. KOJIAPXK, Munka 3[IPABKOBWh, Mumoza PUCTOBA

IMPOLHEHA OYTOTPAJHUX KOHIEHTPAIIMJA PAJOHA Y 3ATBOPEHUM
IMPOCTOPUJAMA HA OCHOBY KPATKOPTAJHUX MEPEIBA

IIpencraBibeHa je MeTofa MNpOLEHe TOfulllkbe KOHIEHTpalMje pajJoHa 3acHOBaH Ha
KpaTKOTpajHuM (TpoMeceuHuM) Mepetuma. CTyuja o0yxBaTa pe3ysTare |Ba He3aBHCHA CKyIla Mepeha
KOHIIEHTpAIHje pafioHa y 3aTBOPEHUM ITPOCTOpHjaMa cripoBefieHnx y 16 rpajjoBa Peny6inke Makepgonuje.
IIpBu cet pe3yarara cagpsku 3MMCKE U TOAMIIHLE KOHIIEHTpalKje pagoHa 1o0ujeHe TOKOM HalluOHATHOT
Mepema pagona y 2010. ropunu. [pyru ceT nojgaTaka cagpsku caMo KOHIICHTpauje pajioHa MepeHe TOKOM
s3ume 2013. rogure. O6a ceTa mofgaTaka OJHOCE ce Ha KOHIICHTpalMje pajjoHa U3 UCTHUX T'PajioBa, e Cy
Mepema BplIeHa Y CTaHOBUMA U IIPU3EMIbY MICTOM METO[0I0rujoM. [JoOujeHu pe3ynTaTu Oulu cy yBeK ca
HUCKOM [UCIIEp3UjOM KOHILEHTpauuje pajpoHa. JluHeapHa perpecuoHa aHanu3a HIOpUMEHEHa Ha
KOHIIEHTpaluje pajjoHa usmepene y Toky 3ume 2010. u ropuime KoHeHTpanyje pagona 3a 2010. roguny
nokasana je BUCOK KoeuuujenT etepmunanyje R> = 0.92, ca penatusHoM HecurypHouhy of1 3 %. OBaj
JIMHEpaH! MOJIel KOpPHUITheH je 3a MPOoIeHy TOANIIhe KOHIIeHTpanuje pajona 3a 2013. roquHy Ha OCHOBY
3UMCKUX MEPEHa U3BEJICHUX Te TOINHE.

leomeTpujcka cpefma BpEeJHOCT MNpOLEHEHE TIOfullIkbe KOHIEHTpauuje pajgoHa 3a 2013,
(A-2013) =98 Bqm >, 6mi1a je TOTOBO jeiHaKa BPEAHOCTH KOja ce OJIHOCH Ha KOHIEHTpaujy pagona y 2010.
roguan, (A-2010) = 99 qu’3. Amnanu3a yTuiaja KapakKTepUCTHKE 3rpajia, OfICYCTBO MOPyMa, OJHOCHO
JOMUHAHTHOT IpabeBUHCKOr MaTepujaja, Ha NpOLeHkEeHe roulllkhe KOHLEHTpaluje pajioHa, Takobe je
npuka3ana. Hamm pesyatatu mokasyjy ja Manu Opoj peJaTHBHO KpaTKUX Mepera pajioHa MOTy AaTu
pasyMaH yBHUJl Y IpoceyHe pe3yaraTe JoOujeHe y ONCeXKHUjEM UCTPaKUBamby.

Kmyune peuu: ciiian y puzemsmsy, padoH y 3aili6OpeHo] UpoCciiopuju, AUHeapHa pezpecuota
aHaau3a, Hecu2ypHocul
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Abstract. With an increase in the awareness of the need to save energy, residents tend to live in dwellings with
increasingly tight windows and doors, thus reducing the ventilation rate of indoor air which leads to an increased
accumulation of radon indoors. Having in mind that a dose from an exposure to inhaled radon and its progenies can
be higher than a dose received from radium in building materials, it is suggested that radon exhalation
measurements should receive due attention. In this contribution, the authors compare results gathered using a few
methods for radon exhalation measurement and discuss its merits and demerits.
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1. INTRODUCTION

It is well known that more than 50% of the
radiation dose received by the general population is
due to an exposure to radon and its decay products [1].
Recent surveys and pooled analysis of epidemiological
studies conducted in Europe [2], Asia [3] and North
America [4] have unambiguously showed a connection
between the exposure to indoor radon and lung cancer.
Based on these studies, the World Health Organization
(WHO) has estimated that between 3% and 14% of all
lung cancers originate from exposure to radon [5].

Among several possible sources of radon in
buildings, the soil underneath the building is
considered to be a dominant one. On the other hand, in
the upper floors of multi-storey dwellings, building
materials are the major contributors to indoor radon
concentration. In the era of waste reduction policies,
new kinds of building material are used, such as coal
ash bricks and cellular concrete blocks. These materials
are built from fly ash that has a higher concentration of
uranium compared to coal before combustion [6]. In
addition, with an increase in the awareness of the need
for saving energy, residents tend to live in buildings
with more and more tight windows and doors, thus
reducing the average air exchange rate. All this leads to
an increase of the indoor radon concentration in multi-
storey buildings that is almost solely coming from the
building materials [7], [8].

The technical guidance of the European
Commission introduces the Activity concentration

" bloncar@tmf.bg.ac.rs

index (colloquially known as “gamma index”) that
takes into account that the annual effective dose
received from the external exposure of inhabitants to
radionuclides in building material should not be more
than 1 mSv (or 0.3 mSv, depending on dose criteria)
[0]. The same guidance estimates that the radon
concentration is unlikely to exceed the Commission’s
recommendation of 200 Bq m=3 as long as gamma
doses from the building materials do not exceed 1 mSv
a* [9]. On the contrary, it is shown that it is possible
that the concentration of 222Rn exceeds 200 Bq m3 for
building material with 226Ra concentrations larger than
200 Bq kg [10]. The assumption of proportionality
between radium content and the exhalation rate is
misleading to some extent since the exhalation rate
strongly depends on the emanation coefficient,
porosity, permeability, diffusion length and numerous
other factors. Thus, the observation of poor correlation
between the radium content in building material and
the radon exhalation rate is not a surprise [11]. It was
indicated that for a very low air exchange rate, of the
order of 0.2 h7, the internal exposure of exhaling radon
could exceed the external exposure coming from 226Ra
[11]. Having in mind the abovementioned, it is not
surprising that the issue of radon exhalation rate is
becoming more relevant and that there are numerous
recent publications on this matter that use various
techniques.

Methods of radon exhalation measurements are
divided by the way of enclosing sample about to be
measured. Two main groups are distinguished: closed-
chamber methods and open-chamber methods [12]. In



the closed-chamber methods a sample is enclosed in a
well sealed chamber. An increase of radon
concentration in the chamber is then followed [12]. On
the other hand, in the open-chamber methods
measurements are performed in ventilated chambers.
A gas in a chamber is continuously exchanged with a
radon free or low-radon gas using a pump with a
known and constant gas exchange rate. Exhalation is
extracted from the measured radon concentration and
known gas exchange rate [12]. This contribution
compares several closed-chamber radon exhalation
methods developed or used in our Laboratory for
Nuclear and Plasma Physics of the “Vin¢a” Institute of
Nuclear Sciences.

2. MATERIALS AND METHODS

Three different methods for radon exhalation
measurements were compared in this paper. Two of
them are well-established closed-chamber methods,
also known as “sealed-can” methods [13]: one utilizes
an active device, while the other uses solid state
nuclear track detectors (SSNTD) to measure radon
accumulated in the chamber. The dimensions of the
chamber are 26.3x26.3x42.4 cm3. The third method
discussed in this paper is the recently developed
“gamma method” [14].

The same sample used for all three measurements
is of cylindrical shape with a diameter of 7.1 cm and a
height of 12 cm. The 45% (of weight) of sample consist
of travertine from “Niska Banja” known for high
radium content. The travertine was smashed in the
powdered form. Travertine was mixed with a 15% of
sand and 40% of cement, homogenized and shaped
into proper cylindrical form. Thus obtained density of
the sample was 1750 kg m=3 and 226Ra concentration
was 174+2 Bq kg'. The sample was left to cure for
about one month and afterwards was sealed by a bee-
wax from all sides except for one base. Sample was
then left for approximately 40 days in order to achieve
equilibrium between 222Rn and its progenies [14].

2.1. The closed-chamber method with an active
device

In the closed-chamber method, the sample is
enclosed in a preferably airtight chamber and the
accumulation of radon exhaling from the sample is
being measured. With the active device, radon growth
in the chamber is being continuously measured.

In ideal cases, when the chambers are well-sealed
there is no leakage of radon from them, and their
volume V (ms3) is much larger than the sample volume,
radon concentration C (Bq m3) in time t (s) can be
expressed as [15]:

EA —At —At
C(t):ﬁ(l—e )+C0e * )

where E is the radon exhalation rate per unit of surface
area (Bq s m), A is the surface of the sample (m2), V
(ms3) is the total volume of the measurement system
that includes volumes of the accumulation chamber,
tubes and measurement chamber of the measuring
device, and A is the radon decay constant (s). Initial
radon concentration in the chamber at the time when
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chamber is sealed is denoted as Co (Bq m3) and can be
neglected since the chamber was sealed in a low-radon
environment. From now on, radon exhalation rate per
unit of surface area will be referred to as radon
exhalation.

For sample pore volumes that are relatively large
compared to the size of the chamber (more than 10%),
there is a high probability that radon exhalation will
decrease due to a decrease of the concentration
gradient between the sample pores and inside air of
accumulation chamber. In our case, the container free
volume is more than 50 times larger than the sample
pore volume, and therefore this effect can be neglected.
Nevertheless, due to the leakage of radon, it was
necessary to introduce an effective decay constant
(Aef=A+Akeak) that corrects the decay constant for the
removal of radon by leakage [12].

The measurement was performed using a RAD7
device from Durridge Radon Instrumentation that was
connected to the chamber through a drying tube. The
measurement cycle was 4h, while duration of the
measurement was 14 days. By fitting the experimental
data with formula 1, one can obtain effective lifetime
and knowing the radon decay constant, a correction to
the leakage can be extracted. Detailed approach how to
estimate different contributions to the effective decay
constant can be found in [16].

2.1. The closed-chamber method with SSNTD

The only difference between this method and the
one previously described is in the technique used to
measure radon in the chamber. With the passive
devices, such as SSNTD, it is not possible to perform
continuous Rn measurements, but what is recorded is
the track density p on the polycarbonate detector that
is directly proportional to the exposure.

Therefore, by integrating equation (1), using the
effective decay constant Aef and the relation between
the radon concentration C(t) and the track density p
(m=2):

dp(t)

ke
& @) (2)

where k (m2/(Bq s m3) is the calibration coefficient of
the detector,

one can obtain a general expression for the radon
exhalation E:

E= Vi‘ff 1 ['D _ & (1 _o ! ):l 3
A t—i(l—e”“’”’) k2,
eff

The sample was put into the chamber in the area
with the small concentration of radon, so ambiguity
coming from the second term can be neglected.

For this method, a single measurement with a
Radtrak2® detector produced by Landauer Nordic was
used and dose expressed by p/k was provided as a
measurement result. In order to be able to compare the
results between two closed-chamber methods, the
Radtrak2® detector was exposed to the radon
simultaneously with the measurement using RAD7. For
the effective radon decay constant, a value extracted
from the measurement with an active device was used.



2.3. The “Gamma method”

This method of radon exhalation measurement has
been published recently [14]. Contrary to all existing
models that directly measure the concentration of
exhaled radon, in the “gamma method”, radon
exhalation is deduced indirectly, by estimating the
amount of non-exhaled radon. Non-exhaled radon is
estimated by means of gamma spectrometric
measurements, measuring the activity concentration of
radon progenies 24Bi and 24Pb that did not escape
from the building material. The whole procedure and
the complicated mathematical apparatus of this model
are given in the reference in detail [14].

A cylindrical sample was sealed from all sides but
one base and left for forty days in order to achieve an
equilibrium between 222Rn and its progenies. Due to
this asymmetrical sealing of the sample, a gradient in
radon concentration is achieved, with the lowest
concentration at the open base of the cylinder and
highest 222Rn concentration at the sealed base of the
cylindrical sample.

The sample was measured by the Ortec HPGe
detector with a relative efficiency of 37%, surrounded
by passive lead shielding. The two-fold measurements,
once with the sealed base of the sample placed on the
HPGe detector and the other time with the open base
of the sample placed on the HPGe detector were
performed. Since the sample is open on one side, the
concentration of radon progenies is the sample is not
homogenous. Therefore in order to estimate the
counting rate using a chosen y-ray of radon progeny
(609 keV, 1120 keV and 17645 keV for 214Bi and 295
keV and 352 keV for 214Pb) the next step is to estimate
contribution of each layer of the sample to the counting
rate (i,.e. to estimate calibration coefficient of each
layer) by using semi-empirical method, an EFFTRAN
package [17] for example, to calculate efficiency
transfer from a standard to a sample as described in
details in [14]. Finally, solving the system of equations
from [14], one can extract not only the exhalation rate,
but the radon diffusion (and consequently radon
diffusion length) and the emanation coefficient as well.

3. RESULTS AND DISCUSSION

Radon exhalation rate performed with a
measurement with an active device was obtained by
fitting experimental data on equation 1. Exhalation rate
was found to be 33.2 + 1.8 mBq s m2 and et = (2.25
+ 0.03)10° st Measurement with RAD7 was
performed with a drying tube. Operating with the
drying tube can strongly decrease humidity in the
chamber and consequently dry the sample. Since the
change in humidity was not considered, uncertainty
coming from a change in humidity is introduced into
systematic error. The radon exhalation rate of slab
changes by 30% from exhalation of the sample with an
ambient humidity to dried sample [16]. Due to
integrated nature of measurement with RAD7 the
systematic uncertainty estimated to be 15%, (i.e. a half
of the exhalation rate changes between completely
dried and a sample at ambient humidity) should be
taken into account.

The radon exhalation rate obtained from a
measurement with a SSNTD was estimated using

equation 3. The effective decay constant extracted from
the measurement with RAD7 was used. Obtained value
of 34.0 + 2.0 mBq s* m?2 is from the single
measurement.

Beside the estimated radon exhalation rate of
32.6 £ 1.4 mBq s* m2 shown in Figure 1 by using
“gamma” method, the diffusion length of 0.31 + 0.03 m
and the radon emanation coefficient of 0.45 + 0.02
were deduced at the same time.

Results of the radon exhalation of the same sample
obtained by three different methods are presented in
figure 1. The average, weighted by the variance is
33.2+0.8 mBq s* m2 and is indicated by a dashed line.

e

25

Exhalation [mBq s m'2]

20 1 1 1
RAD 7 SSNTD Gamma

Figure 1. Results of the radon exhalation measurements from
three different methods. A dashed line corresponds to the
weighted average

Overall, a good agreement between the “gamma”
method and the two other methods is observed. In
general, the method with SSNTD is an integrating one,
and thus the result cannot be corrected for any leakage
of the accumulation chamber during the measurement
period, while this correction can be done with an active
device. For values of leakage that are small compared
to the decay constant, a change of exhalation is not
significant. Based on the extracted Aett leakage is
deduced to be Aeak=1.5-107 s, and therefore if it was
not used to calculate exhalation rate with a passive
device, exhalation rate would be underestimated by 6-
7% of the measured one. On the other hand, leakage is
not relevant for the “gamma” method.

For a method with SSNTD, the background radon
concentration, present in a chamber at the moment of
its sealing, is responsible for the overestimation of
radon exhalation. For the method with an active
device, the result can be corrected for the initial radon
concentration. In order to eliminate this systematic
error, the sample was put in a chamber in a very low
radon environment. For the “gamma” method,
background radon is not an issue.

The observed disagreement between the two
methods could originate from the underestimation of
measurement uncertainty.

With an active device, one can continuously
measure ingrowth of the radon concentration and stop
the measurements at a certain moment, when enough
of statistics is provided. Using the method with
SSNTD, it is not possible to obtain such feedback, so
the duration of measurement should be longer to
assure good statistics. This period can be shortened by
using SSNTD with a larger sensitivity. With the

134



“gamma” method, it is also possible to continuously
measure the number of counts under the peak.

The safe handling of numerous active devices
requires the usage of a drying tube installed in a closed
circuit with the accumulation chamber. This way, the
sample used is constantly being dried and the moisture
content is changing with time, which influences the
radon exhalation. In our particular measurement, this
influence additional systematic error of 15%. A good
solution would be to use active devices that do not
require the usage of a drying tube. On the contrary, in
the closed chamber method with a passive device, there
are no changes in the humidity. Regarding the gamma
spectrometers, usually there are no changes in
humidity as well, since these devices are usually
working in an air-controlled environment.

As far as the time required for sample preparation
is concerned, it is short for the two closed-chamber
methods, while it is quite long for the “gamma” method
since it is necessary to wait around 38 days to achieve
an equilibrium between radon and its progenies. As far
as the complexity of the analysis is concerned, the
“gamma” method is the most difficult one due to rather
complicated mathematical procedures and the
necessity to calculate the relative counting efficiency
for each infinitesimal layer of the sample [14], as
opposed to the sealed-chamber method with a passive
device, which requires only a single measurement.

4. CONCLUSION

This contribution compares three different
methods for radon exhalation measurements: the
closed-chamber method with an active device, the
closed-chamber method with a passive device
(SSNTD), and the recently developed “gamma”
method. The results obtained are in the fair agreement.

The method with a SSNTD is the simplest one, but
the least reliable. Due to the integrative nature of this
method, it should be used in a well-controlled
environment: radon leakage should be negligible, and a
low Rn background area should be provided in the
chamber.

The method with an active device is also simple to
use. It is more reliable than the one with a SSNTD,
since its continuous measurements enable correcting
results for the radon leakage and radon background.
The only drawback of this method, at least for certain
devices, is the use of a drying tube disabling
measurement in a moisture-controlled environment.

The “gamma” method is the most complicated one.
In general, its only limitation is in a certain
combination of geometry of a sample and emanation
coefficient [14]. The method is not affected by the
background radon concentration, the radon leakage is
not an issue, and it can be performed in the moisture
controlled environment. Besides, it is the only method
that besides radon emanation provides values for the
radon diffusion length and emanation coefficient,
which would otherwise require additional equipment.
These parameters are important characteristics of
building materials, which are becoming an issue due to
energy saving policies.
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Abstract: The most abundant and efficient source of air ionization in the lower layer
of the atmosphere is radon. As an alpha emitter, radon plays a crucial role in the earth's
atmospheric electricity. Besides the physical, radon and ions have a significant biological
role concerning human health: radon is a health hazard while the ions are beneficial
ingredients of the air we breathe. In this study, we examined the dynamics of radon and air
ions diurnal change in houses with different floor and windows insulations. Measurements
were made using continual radon monitor Rad-7 and air ion counter CDI-06. Diurnal and
spatial variations of both atmospheric constituents are mutually related and dependent
mostly on radon exhalation potential, meteorological parameters, aerosol concentration and
formation of the temperature inversion layer. Indoor concentrations are related to the
potential for accumulation of radon that is coming from the ground beneath the foundation
and also influenced by external radon concentration that is diffusing through the walls,
doors, and windows. Level of diffusion is depending on insulation. The difference in the
paths by which radon enters the home can be seen by analyzing changes during diurnal
continuous measurements.

Keywords: radon, air ions, ionization, atmosphere, air, natural radioactivity.

temperature inversion during the night and lowest in

Radon (*?Rn) is radioactive noble gas
generated in the decay chain of the primordial
elements uranium and thorium which can be found
in the soil worldwide. ??Rn decays emitting a-
particle with half-life 3.82 days and it is followed by
a series of four further decays (2 a and 2 B) with
much shorter half-lives. After its ancestor decay,
222Rn penetrates through the ground and moves up
by diffusion and convection toward the surface and
into the air. ??Rn exhalation rate, at the surface, is
driven by weather conditions such as precipitation,
air pressure, the temperature of air and also
permeability, thermal gradient, and humidity of the
soil [1]. Further movement of ??Rn through the
atmosphere is determined by thermal processes.
Diurnal ?22Rn concentration change is driven by
surface soil and air temperature ratio which is
resulting in the highest concentrations during

* Corresponding author: kolarz@ipb.ac.rs

the afternoon when upward gas diffusion is highest.
When exhaling from the soil into the air **’Rn can
enter the house interior by pressure-driven flow of
soil gas through openings through the floor and
foundations. If there is no communication with the
outside environment, then it accumulates and can
reach concentrations up to a few of the tens of
thousands of Bq m™. Indoor #2Rn concentration is a
consequence of 222Rn exhalation from the soil and
much less from certain building materials. The ratio
of these two sources depends on underlying soil and
building material. Indoor ?*Rn concentration is
depending on floor insulation from underground
gasses and also from diffusion coefficients of walls,
doors, and windows. Measurements showed that
houses with poor floor insulation and new doors and
windows have very high potential for 222Rn
accumulation. On the other hand, during the night,
near-ground air is rich with ??Rn and as a
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consequence the inversion air layer is forming. If
doors and windows insulation is poor than ?22Rn rich
air can penetrate inside the house. Those two cases
have different dynamics of diurnal ?22Rn change that
is shown in this study.

222Rn is 7.5 times heavier than air and when
inhaled, short-lived #2Rn progeny in the lungs
results in the deposition of a-energy in the cells of
the bronchial epithelium [2]. According to many
epidemiological studies, long term inhalation of
222Rn can be one of the causes of lung cancer [3].
Energy of 222Rn and ??*Ra decays are 5.49 and 6.29
MeV, respectively. Both generate more than 10° ion
pairs in the air per each a-particle. Those primary
ions evolve within microseconds by process of
hydration into complexes that are called small air
ions, cluster ions or charged nano-aerosols (>1 nm).
They consist of one layer of water molecules (4-12)
around central ion that is usually some inorganic
molecule. Those are the smallest ions and the most
important ones due to their mobility and relative
long lifetime which is up to 5-60 s depending on air
pollution [4]. The size categorization of air ions in
small cluster ions 0.36-0.85 nm, big cluster ions
0.85-1.6 nm, intermediate 1.6-7.4 and large ions
7.4-79 nm are provided [4] and [5]. Small air ions
are stable only when carrying only a single
elementary charge that relates mobility with mass.

In the open atmosphere, air ions are generated
by natural sources such as cosmic rays, the
radioactive decay of ???Rn and other radioactive
minerals in the ground (most often “°K). The average
ionization rate in continental areas is approximately
10 ion pairs cm3s? at height of 1m above the
ground. The contribution of cosmic radiation to the
air ion pair generation rate is approximately 20%,
222Rn contributing 65% and residue is attributed to
the decay of mentioned radioactive elements in the
ground [6]. The near-ground ionization rate caused
by background ionization in the open atmosphere on
continental earth is about 10 ion pair's cm=3s? [7].

The atmospheric ion concentration (n*) is
determined by the following balance equation:

n -
({j—t=Q—an‘n+—n‘ﬂZ 1)

where g is the volumetric production rate, Z is the
aerosol number concentration, an ion to ion
recombination coefficient and b is an effective ion-
aerosol attachment coefficient [8] and [9].
Measuring of air ions is very confident indicator of
222Rn concentration and its short term changes [10],
especially in indoor air when there are no other
ionizing sources. Positive vs. negative ions ratio is
known as ,,coefficient of unipolarity” with average
value of n*/n= 1.12 [11,12]. Imbalance between

positive and negative small air ion concentrations is
the consequence of the atmospheric electric
electrode effect in near ground layer and higher
mobility of negative small air ions and thus higher
probability for their removal.

2. MEASURING METHODS AND
INSTRUMENTS

Cylindrical Gerdien condenser is the most
common instrument for the air-ion concentration
measurements. In this experiment Cylindrical
Detector of Air-lons (CDI-06, Figure 1) made in the
Institute of Physics Belgrade, was used.

Figure 1. Cylindrical Detector of Air-lons (CDI-06)

It is a fully automated portable instrument
with the ability to alternatively measure
concentrations of positive and negative air-ions,
temperature (T), pressure (P) and relative humidity
(RH). Instrument consists of sensor and
power/control parts. The sensor part of the CDI-06
consists of 3 cylindrical and coaxially arranged
stainless steel electrodes: measuring (central),
polarizing and shielding electrode. Inter-electrode
space is ventilated by a fan and air-ions of desired
polarity and mobility are forced by an electric field
to deflect to the central measuring electrode and
deliver their charge which is then measured by the
current amplifier. Polarizing voltage is set in a way
that only small air-ions are collected on the central
electrode. Larger ions fly through the electrodes
since their kinetic energy is higher than the
deflecting potential of polarizing electrode [12] and
[13]. Concentration of air-ions (n,) is:
ny =L v

q,Q
where g;= e = £1.602 x 10°° C, Q is the air-flow I,
is current through the central electrode. Absolute
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calibration of current (by electrometer) and airflow
(by hot-wire anemometer) enables absolute
measurements of the air-ion concentrations.
Generated current is amplified, digitalized and
zeroed [13]. Digitalization of CDI output signal
enables programmed auto-zeroing and automatic
long term measurements. Air ion concentrations are
measured in real time and can be used as tracer for
222Rn activity concentration. Since the results are
instantaneous, it is possible to see a fine structure of
changes in concentrations of 222Rn their causes.

Figure 2. Radon continual monitor,
Rad7- Durridge Co, USA

2.1. Rn detector

222Rn activity concentration was measured using
a commercial solid-state alpha detector Electronic
Radon Detector - RAD7 (Durridge Company, 2000).

Instrument was set to measure hour ???Rn
concentrations.

The uncertainty of this instrument depends on
the measuring period and the level of 222Rn activity.
Longest measurement and higher concentration of
222Rn resulting in lower uncertainty. Shortest 22Rn
concentration measurement is 5 minutes in so-called
Sniff mode. This mode is with lowest accuracy but
can be used as ??Rn concentration indicator.
Measurements that take an hour or longer are much

more accurate.

2. MEASUREMENTS AND RESULTS

Measurements were carried out in 3 different
measuring places: an open atmosphere, a house with
poor floor and window insulation (no vapor
membrane) and a house with good insulation of
floor and windows. Aim was to demonstrate air ions
and ?22Rn concentration variations depending on the
quality of floor and windows insulation in dwellings.

First measurements (Fig. 3) were performed in
the open atmosphere in the city of Belgrade, nearby
other two measuring points. Diurnal variation of
both, 222Rn and air ions of both polarities, is obvious
and 2%2Rn concentration is relatively low with an
average value of about 12 Bg m. This value is near
to world average for near ground ionization. Night
maxima are caused by a temperature inversion in the
near-ground atmospheric layer which is visible
almost every night. Open atmosphere is subjected to
the influence of various parameters, so changes in
the concentrations of ions and ??2Rn are not always
simultaneous and interdependent (Fig. 3) as they are
in the indoor air (Figure 4,5).
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Figure 3. Typical daily outdoor 2?Rn and air ion variations
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In the second part of the study, measurements
were done in indoor air. First it was a ground floor
house (Figure 4) which previously contained high
concentrations of ??2Rn until remediation that was
done 3 years ago. Remediation included concreting
and floor insulation from water vapor which
comprehends preventing of penetration of all other
gases from under laying soil into the building. Also,
all windows have been replaced with new ones
(PVC) and walls were additionally insulated due to
better thermal properties. All that provided better
insulation from outdoor air. Since the house was
occupied with inhabitants their activity can be seen
on the graphs where short term changes during room
ventilation are much clearer visible on air ion
concentration lines on the graphs. Coefficient of
unipolarity was 1.3, while during outdoor
measurements it was 1.05. This implies on lower
dust concentration outdoor since this coefficient is

influenced by higher coefficient of aerosol
attachment of negative ions due to their higher
mobility.

In Figure 5, measurements in the house with
no floor insulation and poorly insulated windows are
presented. Hence the assumption follows that the
potential for ?2Rn exhalation in both houses is
similar. Relatively high 22Rn and air ion
concentrations were measured with maxima at dawn
and minima in the afternoon. Also, both measuring
parameters are in high correlation. Except
penetration of 222Rn from the soil below the house,
the influence of higher 22Rn concentrations from the
outside air is present. Weak insulation of the walls
and windows is obvious due to low concentrations
during the day. In well-insulated house, these
differences are less pronounced. Coefficient of ion
unipolarity was 1.2.
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Figure 4. 2-day measurements in a ground floor house with insulated floor
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Average concentrations of air ions in insulated
house were 465 and 355 ions cm?®, while ???Rn
concentration was 25 Bg m3. At the other hand,
average ion concentrations in un-insulated house
were 1004 and 836 ions cm?® while 2?Rn
concentration was 79 Bq m. 222Rn concentration in
both houses was relatively low and within
acceptable limits, but ?2Rn less pronounced peaks
and significantly higher concentration in un-
insulated house is an obvious example of 22?Rn
behavior in the indoor air.

4. CONCLUSION

Alpha particles from decay of ?22Rn and their
descendants are the main source of the air ion
generation in the lower atmosphere and thus the
concentration of these two air constituents are highly
correlated. This correlation is most visible in indoor
air where the influence of interfering parameters is
small. That way, using air ions as tracers, short term
(order of a few seconds or more) changes of 222Rn
concentration can be detected. Diurnal and spatial
variations of both values are mutually related with
specific diurnal distribution in open atmosphere as
well as in indoor air. House insulation from the
gasses below the house and external air are crucial
for lowering ?22Rn and air ion indoor concentrations.
In insulated house ??Rn concentration was lower
and peaks were less pronounced. House with poor
insulation from outdoor air was subjected to higher
22Rn diffusion in and out, resulting in higher
concentrations during the night and lower during the
day. Old houses with typically bad floor insulation
and new windows are prone to ?2Rn accumulation
with small concentration amplitudes while same old
houses with poorly insulating windows have high
night 222Rn concentration peaks.
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TOXR

JHEBHE U ITPOCTOPHE ITPOMEHE KOHIIEHTPAITMJE PAJIOHA
U BEI'OB YTULIAJ HA JOHU3ALIMJY BA3AYXA

Casxerak: HajmpucyTHuju u HajepUKaCHHjH W3BOP jOHHM3ALHWje BazIyxa y
MIpU3eMHOM cIIojy atmocdepe je pamon. Kao anda emutep, panoH urpa npecyaHy yiore y
aTMoc(epcKoM HaelekTpucamy. [lopen Gpusnduke, pagoH 1 jOHH HMajy 3Ha4ajHy OMOJIOMIKY
yIOTy 1O 31paBJbe JbYAW: BHCOKE KOHLEHTpaLHje paJoHa NPEACTaBIbajy OMACHOCT IO
3IIpaBJbe, JIOK Cy jOHH Kao HYCIPOAYKT pacmaza pagoHa KOPHUCHH CACTOjaK Ba3Iyxa KOjH
ynumeMo. Mepema cy BplieHa KopuinhemeM KOHTHHYAIHOT pajoH MoHuTopa “Rad7“ n
Opojaua jona y Bazayxy CDI-06. /lueBHe m mpoctopHe Bapujamuje oba atmochepcka
cacrojka melycoOHO cy HoBe3aHe M YIJIaBHOM 3aBHCE O] MOTEHIMjajla pacraja paJoHa,
METEOPOJIOIIKUX IapamMerapa, KOHLEHTpalje aepocosia M CTBapama TeMIlepaTypHOr
HHBEP3HOT cJi0ja y TpU3eMHOM ciojy atMocdepe. KoHreHTpanuje pajoHa y 3aTBOPCHOM
MIPOCTOPY MOBE3aHEe Cy ca aKkyMyJalujoM pajoHa KOjH JI0Ja3M M3 TJa UCIOJ 3rpaje Kao u
ca CIoJhalll-OM KOHIICHTPALMjOM PajioHa KOju AU(YHIYyje KpO3 3HAOBE, BpaTa U MPO3ope.
Pasnmika myteBa Ha KOjH paJioH ynas y Kylly Moxe ce BHICTH aHAJIM30M IPOMEHa TOKOM
JHEeBHUX KOHTHHYATHHX Mepema.

Kmbyune peum: pamoH, aTMOC(epcKH jOHW, jOHH3aIMja, aTMocdepa, Bas3IyX,
TPUPOAHA PATUOAKTUBHOCT.
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Abstract: The long-term measurements of radon and thoron equilibrium equivalent
concentrations (EERC and EETC) were carried out the first time in Republic of Srpska in 25
schools of its capital Banja Luka and in its wider surroundings. After this successful survey,
the measurements continued using the same type of the LR 115 nuclear track detectors, i.e.,
Direct Radon Progeny Sensors/Direct Thoron Progeny Sensors (DRPS/DTPS), and they were
deployed in the 36 dwellings nearby the investigated schools. The detectors were exposed
for one year period at 15-20 cm distance from the walls. The EERC and EETC were found
to vary in the range from 6.3 to 14.4 Bg/m3and from 0.10 to 1.1 Bg/m?, with geometric mean
9.3 and 0.36, respectively. The same variance of EER and EET concentrations, measured in
living and bedrooms of buildings built with different construction materials as well at
different floors have been obtained. The insignificant correlations between EERC and EETC,
show that these concentrations appeared to be independent in investigated dwellings. The
calculated ratio of EETC to EERC ranged from 0.01 to 0.16 with the geometric mean of 0.04.
The aim of this study is to give possible scientific contribution considering the explanation
of EERC and EETC behavior in an indoor environment.

Keywords: EERC, EETC, indoor, dwellings.

1. INTRODUCTION depend on a large number of geogenic and

anthropogenic factors. Based on a large number of

Radon (**?Rn) and thoron (??°Rn) are naturally
occurring radioactive gases with half-lives of 3.82d
and 55.3 s, respectively. There are direct decay
products of the respective isotopes of radium (?*Ra
and ??*Ra) in 28U and #2Th chains. Radon and
Thoron gases are generated in terrestrial materials,
emanated from their surfaces, and then accumulated
in the indoors. These processes are complex and

* Corresponding author: curguzzoran@yahoo.com

researches and results compounded in UNSCEAR
reports, radon and thoron have been proven to be the
major sources of public exposure [1].

Chronic exposure to high concentrations of
radon and thoron can cause negative health effects
[2]. Practically, the health risk due to radon and
thoron is associated with inhalation of their short-
lived decay products, which activities are reported as
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equilibrium equivalent concentration (EEC). The
equilibrium equivalent concentration for radon EERC
and for thoron EETC are the quantities relevant to the
Potential Alpha Energy, concentration in air and
therefore to the inhalation dose. EERC is a
combination of radon short-lived decay products:
218po, 214ph and 2*Bi activity concentrations, denoted
C1, Cz and Cs respectively, through the relation [1]:

EERC = 0.105(C1) + 0.516(C,) + 0.380 (C3), (1)

and, EETC is compounded by the thoron short-lived
decay products 2?2Pb and #2Bi activity
concentrations, denoted Cy and Czrespectively, which
is expressed by the relation:
EETC=0.913(Cy) + 0.087(C>). (2
For more precise dose estimation, accurate
techniques to measure the concentration of radon and
thoron decay products are important. As in the cases
of radon and thoron gases, there are active and
passive techniques. To measure radon and thoron
progeny concentration in an indoor environment, time
integrating passive technique is more appropriate in
the assessment of human exposure than active
techniques. For this purpose, a few years ago, low-
cost time integrating passive detector for EERC and

CROATIA

CROATIA

Adriatic
Sea

Figure 1. The geographical positioﬁ of Banja Luka

2. MATERIALS AND METHODS

The direct progeny sensing detector system is
based on the registration of alpha tracks originating
from the deposited progeny activity on LR-115

Republika Srpska

® Banja

Federation of

CROATIA™

EETC measurements have been [3,4], named
DTPS/DRPS detector.

As a result of international collaboration
between scientists from the former Yugoslav
Republics, during the past few years, several studies
of the long-term  equilibrium  equivalent
concentration for radon EERC and for thoron EETCs
have been performed. The EERC and EETC were
measured on 388 different locations [5], using the
DTPS/DRPS detectors. The surveys were performed
in 122 dwellings in the region of Sokobanja, Serbia
[6,7], 48 dwellings in Kosovo and Metohija [8], 44
schools in Republic of North Macedonia [9], 112
dwellings in Slovenia [10], as well as in the Republic
of Srpska.

In the period 2011-2012, the first long—term
measurements of EERC and EETC were carried out
in 25 schools in Banja Luka city (the capital of
Republic of Srpska) and in its wider surroundings
[11]. Later these measurements of EERC and EETC
were carried out in 37 individual dwellings in its the
most frequently occupied room, nearby the
investigated schools in Banja Luka, using the same
type of direct progeny sensing detectors. This paper
presents these results.

Bosnia and

Republika
Srpska

MONTENEGRO

detectors [4]. The energies of an alpha particle are
selected by mounting absorbers of suitable
thicknesses on the LR-115 detectors. The direct
thoron progeny sensor (DTPS) is made up of an LR-
115 track detector mounted with an aluminized mylar
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absorber of 50 mm thickness to selectively detect
only the 8.78 MeV alpha particles emitted from #2Po
atoms (Mishra R.et al 2009). Similarly, the direct
radon progeny sensor (DRPS) has an absorber
thickness of 37 mm to detect mainly the alpha
particles emitted from 24Po (7.69 MeV). In a mixed
radon and thoron progeny environment, this can have
some interference from the alpha particles from 2'2Pg,
which needs to be subtracted using the thoron sensor
data. The LR-115 films were then removed and
processed in the laboratory for measurements of

Figure 2a. Direct Radon Progeny Sensor

3. RESULTS AND DISCUSION

Descriptive statistic and frequency distribution
of indoor EERC and EETC are given in Table 2 and
Figure 3. Both data sets were approximated with a
log-normal function, the null hypothesis was
confirmed at 5% error probability.

The EERC and EETC were found to vary in the
range from 6.3 to 14.4Bg/m®and from 0.10 to 1.1
Bg/m® with geometric mean 9.3 and 0.36
respectively. The same variance of EER and EET
concentrations measured: in living rooms and
bedrooms, buildings built with different construction
materials as well at different floors were obtained.

In Figure 4 Geometric mean values of EERC
and EETC, obtained in this study are compared with

Table 1. Descriptive statistic of measured EERC and EETC

radon and thoron progeny concentrations. The
measurements were made by DRPS/DTPS (Direct
Radon Progeny Sensors/Direct Thoron Progeny
Sensors) which were left exposed inside the house in
the period of 12 months, from December 2011 to
December 2012, in 37 houses inside rooms at 15-20
cm distance from walls or any available room
surfaces. The houses were randomly chosen with an
idea of surrounding a greater geographical part of
Banja Luka city (Republic of Srpska-Balkan Region).

— Exposure surface for
deposition

~» Absorber (Aluminized

25 '-E,y;;‘,« Mylar)

S 4 ™ Detector (LR-115)

Figure 2b. Detector LR-115 structure

values reported from some former Yugoslav
Republics.

The geometric mean value GM and related
(GSD) of 9.3Bg/m? (1.23) for EERC in this study is
lower than the 11.2 Bg/m? (1.26) previously reported
for the schools in the Republic of Srpska [11]. It is
also lower than those found in Serbian dwellings, 11
Bg/m? (1.5) [6], and also in comparison with those in
dwellings of Kosovo and Metohija 30 Bg/m® (2.1)
[8], in schools of North Macedonia 27 Bg/m?® (1.4)
[9]. The value of 0.36 Bg/m® (2.00) for EETC
obtained for dwellings in this study is similar to 0.40
Bg/m? (2.20) obtained for schools in Banja Luka but
lower than those reported for dwellings in Serbia,
0.86 Bg/m?® (2.1) [6]; and Kosovo and Metohija, 1.9
Bg/m? (1.9) [8]; as well as those reported in schools
of North Macedonia, 0.75 Bg/m?® (2.5) [9].

Statistic EERC(Bg/m®) EETC(Bg/m°®)
No. of observations 37 37
Minimum 6.3 0.10
Maximum 14.4 1.10
Median 9.5 0.38
Arithmetic mean 9.5 0.44
Standard deviation 2.0 0.28
Skewness 0.3 0.84
Kurtosis -0.4 -0.03
Coefficient of variation 21% 64%
Geometric mean 9.3 0.36

Geometric standard deviation

1.23 2.00
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The range of EETC/EERC ratio in dwellings
considered in the present study was between 0.01 and
0.16, and GM of 0.039 (2.02). The results agree with
Banja Luka schools [11-14] which were in a range
from 0.01 to 0.12 and the same geometric mean as in
the dwellings.

The correlation between EERC and EETC was
tested. For this purpose, a model of parametric linear
regression (LR) was applied on In-transformed data
in order to reduce the influence of extremes on the
tests. The test results showed that the correlation
between EERC and EETC was insignificant (Figure

5). It means that these concentrations appeared to be
independent in investigated dwellings.

In the literature, different results from the
correlations analysis between EERC and EETC have
appeared. For example, the correlation in Banja Luka
schools was not significant [11] as in the homes,
neither it was significant in the schools of Northern
Macedonia [9], while in the homes of Kosovo and
Metohija the correlation was significant with a
relatively high coefficient of determination (R? =
0.56) [8].
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Figure 5. Scatter plot of EETC and EERC.

4. CONCLUSION

This work presents simultaneous long-term
measurements of EERC and EETC in dwellings of
Banja Luka with nuclear track detectors. EERC
values were in the range from 6.3 to 0.1 Bg/m?, and
EETC were in the range from 0.10 to 1.10 Bg/m3
while as the interval of the ratio EETC/EERC was
between 0.01 and 0.16. The geometric mean and
(geometric standard deviation) values of 9.3 Bg/m®
(1.23) for EERC and 0.36 Bg/m?® (2.00) for EETC
obtained in this study are lower in comparison with
GM values reported from the countries in that region.

Further investigation of the equilibrium factors
in the dwellings of Banja Luka is planned.
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JAYTOPOUHA MJEPEBA EKBUBAJIEHTHINX PABHOTEXHMX KOHIIEHTPALIMJA
PAZIOHA 11 TOPOHA VYV KY'RAMA PEITYBJIMKE CPIICKE

Caxerak: Jlyropoyna Mjepema EKBUBAJCHTHHX DaBHOTEKHHMX KOHLEHTpaIlHja
panona u topona (EERC and EETC) npeu cy myt usspiieHa y Pemy6munu Cprickoj y 25
mikona rpajaa bamanyke u mupe okosiHe. HakoH OBOT YCIIjEITHOT HCTPAXUBaka, Mjeperha
Cy HACTaBJbeHA KOpHUIINeHEM HCTOT THITa HyKIleapHUX Tpar aerektopa LR 115, 1j. ceHzopa
JMPEeKTHUX moToMaka pajgona u topoHa (DRPS / DTPS) u pacnopehenux y 36 momosa y
Onmu3uHM 1Koa. [leTekTopy ¢y OFITH U3JI0KEHU TOKOM jeTHE TOIMHE Ha yaasbeHocTH 15-20
cm o1 3unoBa. Otkpuseno je na ce EERC u EETC pasnukyjy y oncery ox 6,3 no 14,4 Bg/m®
u oz 0,10 no 1,1 Bg/m?, ca reomerpujckom cpeausom 9,3 u 0,36, pecnektusHo. Jlobujena je
ucra pasnuka y konuentpauuju EEP u EET, usMmjepena y aueBHuM u crnaBahum cobama
3rpaja u3rpaheHux o pa3In4uTHX rpajeBUHCKHUX MaTepHjaia U Ha pa3IMuuTHM [OJJIoraMa.
Hesnarna mosesanoct usmeljyy EERC-a u EETC-a mokasyje aa ¢y oBe KOHIIEHTpaluje owie
HE3aBHCHE Y MCIIUTUBAHUM craHoBuMa. [Ipopauynatu onHoc EETC-a u EERC-a kperao ce
y pacnony o7 0,01 g0 0,16 ca reomerpujckom cpeaunom 0,04. Ilusb oBe cTyauje je aHaamusa
moryhux objamrmerma nonamama EERC u EETC y 3aTBOpeHOM pOCTOpY.
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Abstract: Radon (?22Rn) and thoron (??°Rn) are natural radioactive gases, generated
in the terrestrial materials. They are the main sources of public exposure to ionising radiation
in any of indoor environment worldwide. Differences in half-lives of 22Rn (T, = 3.8 d) and
220Rn (T12= 55.6 s) lead to its different indoor behavior. Several studies of indoor 222Rn and
220Rn in Northern Macedonia have been performed, starting with measurements in dwellings
in 2008 and continuing with measurements in schools during 2012. The surveys in the
Republic of Srpska began later (in 2011) with the simultaneous %?Rn and 2*Rn
measurements in the dwellings and schools of Banja Luka cities. This paper, as a result of
our cooperation, summarizes the results and general conclusions obtained from 2?2Rn and
220Rn measurements in schools of capitals. In both cities, the measurements were made using
Raduet - nuclear track detectors; deployed at distances: >0.5m (Skopje) and 0.2m (Banja
Luka); and exposed in a period: March 2012 - May 2012 (Skopje) and April 2011 - May 2012
(Banja Luka). Results for 222Rn and #?°Rn concentrations in both cities have a log-normal
distribution. The 222Rn geometric mean value of 71 Bg/m? in Skopje is higher than in Banja
Luka city (GM = 50 Bg/m®). Among different radon potential in the cities, this difference
could be related to the different exposure time of detectors. Furthermore, the dispersion of
the 2%2Rn results in each city expressed through geometric standard deviation is relatively
low: GSD = 2.13 (Skopje) and GSD = 2.11 (Banja Luka) indicating relatively homogeneous
data sets. The ?°Rn concentrations in Banja Luka (GM = 51 Bg/m®) were higher than in
Skopje (GM = 11 Bg/m?®). It is obvious that in the case of 2°Rn, the exposure period did not
play a significant role. One of the reasons for this difference could be the position of the
detectors as well as the different building materials in the schools. On the contrary, the
dispersion of the 22°Rn results in Skopje (GSD = 3.38) was greater than in Banja Luka (GSD
=2.07).

Keywords: radon, thoron, gas, school.

1. INTRODUCTION and their corresponding decay products ?*Ra and
2Ra in building materials and in the underlying

Radon (*Rn) and thoron (*®Rn) are rocks and soil are sources of radon and a thoron in a
radioactive gases from the respective natural series of  building. The generated gases move through enclosed
238y and 2Th, which are present in the terrestrial  spaces of the material, emanate from its surface and
materials from the earth formation to the present day. enter into other environments where they can be
The existing trace concentrations of 28U and 2*2Th, accumulated. The dynamics are complex and driven

* Corresponding author: zdenka.stojanovska@ugd.edu.mk
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mainly by the processes of advection and diffusion.
Amount of the accumulated radon or thoron indoors
concentration, depends on many factors. In general,
they are related to the concentration of the
radionuclides in the terrestrial material together with
its porosity (radon potential), building characteristics
and mode of its use. Additionally, the advection
process is in a direct function of the outdoor-indoor
temperature gradient, after all, radon and thoron
concentration variations strongly depend on the
meteorological parameters (temperature, pressure,
wind, etc.).

Radon has a relatively long half-life (T1.= 3.8
d), therefore the gas created in underlying soil in high
depths can enter and accumulate in a building before
it decayed. Contrary, due to short half-life (T1,=55.6
s), thoron can travel only short distances before it
decayed. The main consequences of this are the
differences in the effect of the factors on the
accumulation of these two gases in indoor
environments. In general, according to a large number
of studies [1-3], it can be said that the main source of
radon is the underlying soil (rock) and to a lesser
extent the building materials, while in the case of
thoron: the building materials are the dominant source
in a building. Also, the essential difference between
these two gases is that the indoor radon
concentrations are homogeneously distributed, unlike
the indoor thoron, whose concentrations are at the
maximum on the wall and decrease at distance from
it. Moreover consequence of the differences in radon
and thoron half-lifes, are discrepance in their
temporal variations caused by the meteorological
parameters. For example, they are more pronounced
for radon than for thoron [4-9].

Based on a large number of studies, it has been
shown that indoor radon and thoron, are dominant
(over all) radioactive sources to public exposure [9-
10]. The harmful health effects of chronic exposure to
them, have been confirmed [11], so the indoor radon
and indoor toron are very important radiation
protection isue in every country. Following world
trends, numerous campaigns to measure indor radon
and thoron in the countries of the Balkan, have been
performed in the last decade. Thus, many papers have
been published, some of which are citated in this
paper's references [12-22]. In most of them radon
concentrations are measured while studes of indoor
toron concentrations are limited. Depending on the
type of indoor environment, the studies were
conducted mainly in  dwelings, schools
(kindergartens) or combined. In Republic of North
Macedonia, the first indor radon and thoron
measurements were made in dwellings in 2008 [23]
and only later (2012) in schools and kindergartens
[24-26]. In Republika Srpska, an entity in Bosnia and
Herzegovina, the first systematic survey indoor radon
and thoron was launched in 2011, simultaneously
measuring both dwellings and schools [27-28]. Most
of the results of these studies are already published.

The main purpose of this paper is to show the
extracted results of radon and toron concentration
measurements, previously performed as a part of the
more complex survey. In this study, we considered,
only measured concentrations with the same type of
detector, in the schools of the capital cities Skopje and
Banja Luka, The geographical positions of the two
republics in Europe, as well as the position of the
cities, are shown in the Figure 1.

- W Bsnjatuka

7 Skopje

Yy

Figure 1. Geographical position of Bosnia and Hercegovina and Macedonia in the European map (left). Sites of the
Banja Luka municipality over municipalities of Republic of Srpaska (coloured blue) (upper right) and of the Skopje
municipalities in the Republic of North Macedonia (down right)
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2. MATERIAL AND METHODS

The indoor radon and thoron concentrations
were measured in the schools of Skopje and Banja
Luka using a nuclear track detectors, with Raduet
commercial name, manufactured in Radosys,
Hungary (Figure 2). The operating principle of
Raduet was explained precisely in our previous
studies [6, 28].

In Skopje, the detectors were installed in a

classroom on the ground floor at a distance of 0.5 m
from any wall surface and exposed in a period of three
months, from March to May 2012. In Banja Luka,
they were deployed in a shorter distance of 0.2 m
from the wall surfaces and exposed for one year, from
April 2011 to May 2012. Types of the rooms, the
distances to the wall surfaces along with the detectors
period of exposure in each of the surveys are specified
in Table 1.

Figure 2. Raduet nuclear track detector produced in Radosys, Hungary

Table 1. Characteristic of the detector exposure in both surveys

City Type of room Distance from wall surface Period of detectors exposure
Skopje Classroom >0.5m March-May, 2012
Banja Luka Assembly hall or hallway 0.2m April, 2011-May, 2012
3. RESULTS cities are shown in Figure 3. The best fit for both

The histograms of the measured indoor radon
(***Rn) and thoron (?°Rn) concentrations in both
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Figure 3. Histograms fitted with a log-normal function of 22Rn and ?2°Rn concentrations measured
in schools of Skopje and Banja Luka
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The number of schools under observation (N),
number of schools with measured concentration
below detection limit (N<wvpa), arithmetic mean
(AM), standard deviation (SD), geometric mean
(GM) and geometric standard deviation (GSD) of
indoor radon (?2Rn) and thoron (?°Rn) concentration
measured in the schools of Skopje and Banja Luka
cities are given in Table 2. In schools of Skopje, radon
values range from 9 to 379 Bg/m? and those of thoron
range from 1 to 80 Bq Bg/m?. The ranges in schools
of Banja Luka are 25-341 Bg/m? for radon and 7-198

Bg/m? for thoron. In 12 schools of Skopje, thoron
concentration was below the detection limit of 1
Bg/m3. Except in two schools, the radon
concentrations in Skopje were higher in comparison
to measured thoron concentrations. In Banjaluka, the
thoron concentrations were higher than radon
concentrations in most cases. The inteervals of
20Rn/?22Rn ratio in the schools considered in the
present study were 0.01 - 4.72 for Skopje and 0.14-
3.80 for Banja Luka (Figure 4) with geometric mean
values of 0.19 and 1.00, respectively.

Table 2. Basic statistic of indoor radon and thoron concentrations considered in this study

N AM SD GM GSD
N<mpa Bg/m? Bg/m? Bg/m®

222Rn 58 0 85 81 61 2.15
222Rn | Skopje 33 0 94 78 71 2.13
222Rn | Banja Luka 25 0 72 85 50 2.11
220Rn 58 12 42 39 25 3.42
220Rn | Skopje 33 12 18 18 11 3.38
220Rn | Banja Luka 25 0 63 40 51 2.07

5.0

4.5

4.0

35

3.0
2.5
2.0
1.5

220Rn/222Rn

Skopje

0.5
0.0 I I-Ill_ [ | -Il I II| I I I

Banja Luka

Figure 4. The 22°Rn/??2Rn ratio in schools of Skopje and Banja Luka

4. DISCUSSION AND CONCLUSION

This study presents the results for indoor radon
(?*2Rn) and thoron (??°Rn) concentrations measured in
schools of Skopje and Banja Luka cities with Raduet
detectors exposed in periods of 3 and 12 months,
respectively (Table 1). Analysis of the distribution of
radon and thoron concentration showed that the best
fit of the data was log-normal function. Visually
(from Figure 3) and further by testing, the differences
between log-normal functions of the Skopje and
Banja Luka data sets, was confirmed for radon as well
for thoron. The reason for this may be the different
contributions of the factors which are affecting radon
and thoron concentrations variation in the cities.

The arithmetic and geometric mean values of
radon concentrations measured in Skopje are higher
than the mean concentrations obtained for Banja Luka
(Table 2). We assumed that, among the different
radon potentials, the different types of rooms where
measurements were performed as well the different
periods of detectors exposure, could be a reason for
this. But, lower radon concentrations in the hall in
comparison to the classroom in Skopje and assembly
halls in Banja Luka schools, were not confirmed, so
the assumptions about differences in exposure period
and radon potential remain. In Banja Luka, the radon
concentrations measured by Raduet (this study) in
one room are lower than those reported previously,
where the radon for each school was presented as a
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mean value of measured results, with two different
types of detectors in at least two different types of
rooms. Furthermore, the geometric standard
deviation values (GSD) obtained for radon data from
Skopje and Banja Luka (Table 2), are relatively low
which indicate relatively homogeneous factors
effects on radon variation in each city.

Contrary to radon, the thoron concentrations
measured in schools of Banja Luka city are higher in
comparison to those of Skopje city (Table 2). It is
obvious that in the case of thoron, a period of the
detector exposure does not play a significant role.
Some of the reasons for this difference could be the
position of the detectors as well as the different
building materials in the schools. The dispersion of
the results in Skopje is greater than the result
measured in Banja Luka.

For comparison, the geometric mean
concentrations of radon in Banja Luka schools (GM
=50 Bg/m?®) are lower than those reported by studies
conducted in schools: in Skopje (GM = 71 Bg/m?®),
Eastern part of North Macedonia (GM = 96 Bg/m?®)
[25], (GM = 87 Bg/m?®) [26], Southern Serbia (GM =
97 Bg/m?®) [29], Osijek, Croatia (GM = 70.6 Bg/m?®)
[30], as well as lower than those published for
kindergartens in Sofia, Bulgaria (GM = 101 Bg/m?®)
[31] and Kremikovtsi Municipality, Bulgaria (GM =
542 Bg/m?®) [32]. The GM = 51 Bg/m?® for thoron
measured in Banja Luka schools is not only higher
than the GM = 11 Bg/m® value obtained from
measurements in Skopje, but also higher than the
usual published values in the literature.
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FOXR

KOHIEHTPAIIMJE PAIOHA 1 TOPOHA V IIKOJIAMA CKOIIJbA
(PEITYBJIMKA CEBEPHA MAKEJZIOHUJA) 1 BAKBE JIVKE
(PEITYBJIMKA CPIICKA) MEPEHE RADUET JJETEKTOPMMA

Casxerak: Pajon (222Rn) u topon (?°Rn) cy IpUpOAHU paJMOaKTUBHU FACOBH KOjH
ce TEHepWIly y TepecTpujaiHuM MaTtepujanuma. OHU Cy TJIaBHM H3BOPH H3Jllarama
CTaHOBHHIITBA joOHHM3YjyheM 3pauemy y 3aTBOPEHOM INPOCTOPY HIMPOM cBeTa. Pasmuke y
nepuony nonypacnaga 2?Rn (T2 = 3,8 1) u #°Rn (T2 = 55,6 s) 10BOjE [0 HUXOBOT
PAa3IMYUTOT NIOHAIIAka Y IpocTopujaMa. Jlo cazia je M3BPIIEHO HEKOINKO HCIIMTHRamka 222RN
u 22Rn y CesepHoj MakenoHHMj1, MOYEBNIM Ofl Mepema y craHoBuma 2008. rojaune u
HacTaBsbajyhu ca Mepemuma y mkosnama TokoM 2012. McrimtuBama pagona y PernyOminn
Cprickoj 3anouena cy kacauje (y 2011. rogunmn) ucroBpemenum mepemuma 222Rn u 22°Rn y
cTaHoBHMMa M mKonama rpana bame Jlyke. OBaj pajn, kao pe3yiraT 3ajeJHHYKE capajaibe,
yKazyje Ha pe3ysiTaTe W OIINTE 3aKJbyuke JobujeHe Mepemuma 22Rn u 2°Rn y rnauum
rpagoBuMa obe apkase. Y 06a rpama mepema cy u3BpiieHa nomohy Raduet — mykneapanx
Tpar JeTekTopa; pacnopehennx Ha pacrojamuma of 3uaa: > 0,5 m (Cxombe) u 0,2 m (bama
Jlyka); u nznoxenux y nepuoxay: Mapt 2012, — maj 2012. (Cxomsse) u anput 2011. — Maj
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2012. (Bawa Jlyka). Pesynratn kouuenTpammja 22Rn um 2°Rn y oba rpaga umajy
log-Hopmanny auctpubynmjy. Cpenma reomerpujcka BpeaHocT 222Rn om 71 Bg/m® y
Cxomby je Beha nero y bamoj Jlynu (I'C = 50 Bg/m?®). Usmely pasiuke y moTeHumMjamy
pajioHa KOju yTHUY Ha BapHjauuje 222Rn, Ta ce pasinMKa MOXe TOBE3ATH Ca PasIudUTHM
BpEMEHMMa M3Jlarama jeTekropa. Jlabe, aucrepsuja pesynrata 22Rn y ceakom rpaiy
H3pakeHa TEOMETPHjCKOM CTaHIapAHOM JAeBHjarujoM je pematuBHO Mama: ['CJ] = 2,13
(Cxompe) m I'CH = 2,11 (bama Jlyka) mTo ykasyje Ha pelaTHBHO XOMOTEHE CKYIIOBE
nogaraka. Konnenrpauuje ?°Rn y Bamoj Jyuu (I'C = 51 Bg/m®) 6une cy sehe Hero y
Cxomby (I'C = 11 Bg/m®). Ouurnenso je na y ciydajy 2°Rn, nepuoi U3I0KEHOCTH HHjE
Wrpao 3HadajHy yrory. JemaH oj pasjora oBe pa3jinke MOTao Om OWTH MOJI0XKa] AETEKTOpa
Kao W pa3nuuuTd TpaljeBHHCKH MaTepHujanu y mkonama. CympoTHO TOMe, IUCHep3Hja
pesyarata 2Rn y Ckomby (I'CJI = 3,38) 6una je seha nero y bamoj Jlymu (I'CJI = 2,07).
Kiby4He peuun: pajoH, TOPOH, rac, IKoJa.
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LONG-TERM MEASUREMENTS OF RADON, THORON AND THEIR
AIRBORN PROGENY IN 25 SCHOOLSIN REPUBLIC OF SRPSKA

Z.Curguz*, Z. Stojanovska?, Z.S. Zunic®, P. Kolar#*, T. Ischikawa®, Y. Omori®, R. Mishra®,
B.K. Sapra®, J. Vaupoti¢’, P. Ujié*, P. Bossew®

! University of East Sarajevo, Faculty of Transport, Doboj, Republic of Srpska
%Goce Delcev University, Faculty of Medical Sciences, Stip, Republic of Macedonia
3 University of Belgrade, Institute of Nuclear Sciences“ Vin¢a” , 11000 Belgrade, Serbia
*University of Belgrade, Institute of Physics,, Serbia
> Fukushima Medical University, Department of Radiation Physics and Chemistry,
Hikariga-oka 1, Fukushima, 960-1295, Japan
® Bhabha Atomic Research Centre, Radiological Physics and Advisory Division, Mumbai, India
" Institute Jozef Stefan, Radon Centre, Jamova 39, 1000 Ljubljana, Sovenia
8 German Federal Office for Radiation Protection, Képenicker Allee 120-130, 10318 Berlin,
Germany

E-mail: zdenka.stojanovska@uqgd.edu.mk

This article reports results of the first investigations on indoor radon, thoron and their decay
products concentration in 25 primary schools of Banja Luka, capital city of Republic Srpska. The
radon and thoron measurements have been carried out in the period from May 2011 to April
2012 using 3 types of commercially available nuclear track detectors, named: long-term radon
monitor (GAMMA 1), and radon-thoron discriminative monitor with nuclear track detectors
(RADUET) while equilibrium equivalent radon concentration (EERC) and equilibrium
equivalent thoron concentrations (EETC) measured by Direct Radon Progeny Sensors/Direct
Thoron Progeny Sensors (DRPS/DTPS) were exposed in the period November 2011 to April
2012 . In every school the detectors were positioned at 8-10 cm distance from the wall. The
obtained geometric mean concentrations were 99 Bq m * for radon and 51 Bq m 2 for thoron.
Those for equilibrium equivalent radon concentration (EERC) and equilibrium equivalent thoron
concentrations (EETC) were 11.2 Bq m 2 and 0.4 Bq m 3, respectively. The correlation analyses
showed weak relation only between radon and thoron concentrations as well as between thoron
and EETC. The influence of the school geographical position and factors linked to buildings
characteristic in relation to measured concentrations were tested. The geographical position and
of floor significantly influence radon concentrations while thoron concentrations depend only
from building materials (ANOVA, p<0.05). The obtained geometric mean values of the
equilibrium factors are 0.123 for radon and 0.008 for thoron.

Keywords: Indoor air, radon, thoron, primary schools, nuclear track detectors
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SPACE DISTRIBUTION OF AIR IONS, THORON AND RADON IN
INDOOR AIR

P. Kolarz!, J. Vaupoti¢?, I. Kobal?, Z. S. Zuni¢®

!nstitute of Physics, 11080 Belgrade, Serbia
2Jozef Stefan Institute, 1000 Ljubljana, Slovenia
8Institute of Nuclear Sciences Vinca, 11000, Belgrade, Serbia

Air ions in indoor air are generated mostly by MeV-energy a-particles produced in
radioactive transformations of radon (?*°Rn and ???Rn) and its short-lived descendants. Since
the intensity of all other air ionizing sources is significantly lower and mostly constant in
time, air ions may serve as confident indicator for spatial and temporal distribution ?*Rn and
20Rn concentrations indoors. Example of vertical gradients of 2Rn & 222Rn activity
concentrations measured above earthen floor in the basement at house in Sokobanja is
presented.

Measurements were performed in Sokobanja region (Serbia), where 22°Rn concentration in
soil and building materials is relatively high, and in Slovenia in villages Gorisnica and
Rakitna, where 22Rn concentrations are much higher than 22°Rn. Following equipment was
used for the measurements: 2 x Rad7 (Durridge company, USA), RTM 1688-2 Radon/Thoron
Monitor (Sarad, Germany) and three Gerdien-type air-ion CDI-06 detectors.

During the ?2°222Rn measurements, inlets of measuring devices were fixed at 1 cm, 20 cm
and 40 cm above the floor while air ion detectors were positioned at 10 and 85 cm above the
floor. During measurements, switching of the air ion detectors places was performed in order
to test their quality of operation.

Aiir ion concentration at the height of 85 cm was 37% lower than at 10 cm while in

the case of thoron reduction was 75% after 40 cm. At the same time, moderate but still clearly
measurable decrease of air ions concentration with height (gradient) was measured. Thoron
and radon gasses are decaying with similar energy of a-particle and thus creating similar
number of air ion pairs. Gradient of air ion concentrations from the floor would be probably
much higher if it is not “diluted” with ions generated by radon and its decay products. Also,
life time of air ions in relatively clean air is about 100 s which is twice as Tn so that ions can
move for longer distances from point of origin than thoron.
During the survey, measurements of the mentioned parameters were also carried out at
different distances from walls and have shown either linear or exponential pattern depending
on microclimatic ambient. Many measurements of air ions were impossible to conduct due
to electrostatic field of the walls that strongly influenced on ions.
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10.4 ANALYSIS OF PARTICULATE MATTER AND SMALL ION CONCENTRATIONS IN
INDOOR ENVIRONMENT BASED ON BALANCE EQUATION

M, Davidovic (1). D. B. Topalovic (2,1)» Predrag Kolarz (3), M. Jovasevic-Stojanovic (1)
(1) Institute Vinca, University ofBelgrade, Belgrade, Serbia, (2) School ofElectrical Engineering —University
ofBelgrade, Belgrade, Serbia, (3) Institute ofPhysics, University ofBelgrade, Belgrade, Serbia
davidovic&vin. bs.ac.rs

Aim: Aim of this work was to explore a relation between particulate matter (PM) and small (cluster) air ions (SI)
concentration in a typical indoor environment. Changes in Sl concentration are due to several factors. First, SI are
constantly created, in pairs, by ionizing radiation that exists in the environment. They are also continually
destroyed in processes of recombination, attachment to aerosols (PM) and deposition on electrostatic surfaces.
Because of this, a change in PM concentration directly results in a change in SI concentration. Sl balance
equation can be used to quantitatively describe above mentioned processes.

Method: Wide range of relevant air quality parameters were measured in indoor environment, occupied on work
days, in March 2017. The measurements included negative SI measurements by Gerdien-type air ion detector
(Kolarz, 2012), PM concentration in 10 nm to 10 um diameter range using TSI NanoScan SMPS Model 3910 and
TSI Optical particle sizer 3330, gravimetric measurements of particles in 3 fractions, and local temperature,
pressure and humidity. In addition, hourly radon concentration was measured using Radon Scout. Collected data
describes all relevant processes: 2 min. Sl concentration measurements describe steady state, radon concentration
gives insight into rate of volumetric ion pair generation and 1 minute PM measurements give insight into main
loss mechanism for SI.

Results: Relation between negative Sl concentration and PM concentration was derived using quasi steady state
approximation of Sl balance equation. Form of this relation suggests that the use of linear regresson in modelling
is sound and well justified approach, and that the regression coefficients can be interpreted as ion-particle
attachment coefficients. Since there was a large number of individual channels (13 Nanoscan and 16 OPS
channels), with significant cross correlation, ordinary least squares was not a reliable method, producing
unphysical results. To ensure regression coefficients have physical meaning we used non-negative least squares
solver (Lawson, 1995), and aggregation of channels into total counts and typical PM fractions. Results are shown
in Fig. 1

Figure I. Comparison of negative small ion measurements and 3 models based on total counts and PM fractions
Conclusion: All models show daily variations of ion concentration, however, it seems that models are prone to
overestimation, which occurs in periods of low particle counts, which are inherently less accurate. In the case ofa
model based on total counts, attachment coefficient is estimated to be 8.45e-06 cm3 s-1. Note, however, that
interpretation of regression coefficients as attachment constants is somewhat approximate, since there is a
significant correlation between individual channels.

REFERENCES

1 Kolarz, P., Miljkovic, B., & Curguz, Z. (2012). Air-ion counter and mobility spectrometer. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 279, 219-222.

2. Lawson, Charles L., and Richard J. Hanson. Solving least squares problems. Society for Industrial and Applied
Mathematics, 1995.
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THE EFFECT OF INTENSE IONIZATION ON THE CHANGE IN THE CONCENTRATION OF
TOBACCO SMOKE FINE PARTICLES

P. Kolar (1), M. Zivkovi¢ (2), M. Davidovié (2)
(1) Institute of Phvsics Belgrade, University of Belgrade, Serbia, (2) Vinca Institute of Nuclear Sciences,
University of Belgrade, Serbia
kolar=@ipb.ac.rs

Background: Particulate matters (PM) generated by cigarette smoke is one of most harmful indoor air pollutants.
It is unhealthy not only for smokers but also for non-smokers inhaling PM. There are several ways for reduction
of number concentration of PMs, notable examples being ventilation and filtering. These approaches might be
somewhat aided by ionization of the air in certain scenarios.

A preliminary study of influence of artificially generated ions on cigarette smoke particles size distribution is
presented. In theory, bipolar ionizer generates primary electrified particles of both polarities. After ionization
process, primary ions evolve within microseconds through process of hydration into charged nano-aerosols,
known as small air ions (SI). SI are typically charged clusters with electric mobilities of 1-2 cm®V~1s7!, size range
0f 0.6-1 nm (Tammet & Kulmalla, 2005) and typical lifetime of 5-60 s. Processes of SI neutralization are by ion-
aerosol attachment, ion-ion recombination and by the deposition on non-conductive (electrostatic) surfaces.
Methods: Bipolar barrier discharge ionizer (Bioclimatic GmbH) was used to generate up to 20 000 ions cm™ per
each polarity, while single cigarette burning was generating PMs of different sizes. PMs was measured using TSI
NanoScan SMPS 3910 (measuring range from 11.5 to 365.2 nm), while SI concentration was measured using
Counter and spectrometer of air ions CDIS (Kolarz et al., 2012). Experiment was conducted in small office where
PMs and SI was measured with and without ionization. During the measurements, there were no disturbances in
the room. Ionization was switched on 3 minutes after the cigarette was burned (vellow line in Figure 1) and SI
concentration was in the range 9000 to 19000 ions cm™ for positive and 7000 to 14000 ions cm™.
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Figure 1. PM concentration rednct:on over time (mm ) with (vellow line) and without ( bhse line) ionization.

Conclusion: The results (Figure 1) showed faster decrease in concentration of smaller PMs, up to 205 nm, as a
consequence of SI to PM attachment mechanism. SI. as ions with higher mobility, quickly attaching on PMs and
thus electrifying them. Electrified PMs are also attaching to other PMs and thereby significantly increasing mass
and reducing mobility. According to our measurements, this process of aggregation of small PMs and ions takes
place up to 200 nm of PMs diameter. After that PMs concentration during ionization is decreasing much slower
than without ionization due to generation of new particles by ion induced aggregation process.

REFERENCES
Tammet, H..Kulmala, M., 2005. Simulation tool for atmospheric aerosol nucleation bursts, Aerosol Science 36, 173—196.

Kolarz, P., Miljkovié, B., and Curguz, Z. 2012. Air-ion counter and mobility spectrometer, Nucl. Instr. Meth. B, 279, 219—
222.
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KONTINUALNO MERENJE UV ZRACENJA I OZONA U SRBIJI

Predrag KOLARZ', Zoran MIJATOVIC?, Aleksandar VLAJIC?

1) Univerzitet u Beogradu, Institut za fiziku, Beograd, Srbija, kolarz@ipb.ac.rs
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SADRZAJ

UV zracenje se u Srbiji meri nezavisno u Beogradu i Novom sadu ve¢ duzi niz godina.
Radi bolje informisanosti stanovnistva ova merenja su kroz projekat nevladinih
organizacija pod nazivom ,,Ozonizacija“ objedinjena i uniformisana te su sada svima
dostupna preko sajta http://www.uv-srbija.rs i aplikacije za android mobilne telefone
., UV indeks Srbija“. Podaci Indeksa UV zracenja se obnavljaju na svakih pola sata dok
se podaci za koncentraciju stratosferskog ozona iznad novog sada odnosno Srbije daju
dnevno. Vrednosti UV indeksa se prikazuju graficki, a na sajtu je dato detaljno
objasnjenje o tome sta UV indeks predstavija, koje su vrednosti opasne, kako se zastititi
od preteranog izlaganja Suncevom zracenju i kako se proracunava faktor zastite (SPF)
krema za suncanje.

1. UVOD

Globalna svest o tome da su antropogeni uticaji na zivotnu sredinu izazvali poremecaje
ekoloske ravnoteze, izazivanjem i destabilizacijom dugoro¢nih procesa velikih razmera,
razvijena je tek u drugoj polovini 20. veka. Danas su ve¢ identifikovane najznacajnije
posledice globalnog (planetarnog) karaktera i medu njima su dominantni procesi:
slabljenje (stanjivanje) ozonskog omotaca sa pojavljivanjem ozonskih rupa i promena
klime — globalno zagrevanje atmosfere. Ova dva procesa su u stalnoj uzro¢no —
posledi¢noj interakciji i uzrokuju druge Stetne efekte na sredinu i zivi svet na Zemlji
(kisele kiSe, smanjivanje Sumskih povrSina, Sirenje pustinja, smanjivanje bioloske
raznovrsnosti, uticaj na zdravstveno stanje ljudi, promene globalne epidemioloske slike,
itd.). Stanjivanje stratosferskog sloja ozonskog omotaca identifikovala je Svetska
meteoroloska organizacija (WMO) 1970. godine, a glavni krivac je proces kataliticke
destrukcije hemijskimi elementima pod nazivom halogeni. Glavni izvori halogena koji
vr$e fotodisocijaciju su rashladne tecnosti, rastvaraci industrijski stvoreni rasprsivac i
sredstva za rassrSivanje pene (CFCs, HCFCs, freons, halons). Nakon ovoga sledi
unapredenje Citavog sistema monitoringa ozona 1 sunéeve radijacije, posebno
ultraljubicastog (UV) dela solarnog spektra ¢iji se intenzitet pojacava sa slabljenjem
ukupnog ozona u atmosferi. Tada zapoc€inju i vrlo kompleksna i opsezna istrazivanja
uzroka i procesa vezanih za ovu pojavu, kao i posledica ove pojave po zivi svet. Rezultat
monitoringa i istrazivanja je bio donoSenje Medunarodne konvencije o zastititi ozonskog
omotaca (UNEP- Be¢, 1985) i Medunarodnog protokola o supstancama koje slabe
ozonski omota¢ (UNEP- Monreal,1987), koje je potpisala i naSa drzava. Navedena
medunarodna regulativa, naroito od 90-tih godina 20. veka, se uspesno sprovodi
posebno u razvijenim zemljama, ali trend slabljenja ozonskog omotaca nije u potpunosti
zaustavljen do danas. U srazmeri sa slabljenjem ozonskog omotaca povecava se intenzitet
UV zracenja (kao posledica smanjene apsorpcije UV zraka od strane ozona) koji Stetno
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deluje na Citav zivi svet, na zdravlje ljudi, a i na odredene vestacke materijale. Iz ovih
razloga, organizacije UN (Svetska zdravstvena organizacija — WHO, Svetska
meteoroloska organizacija — WMO, Program UN za zivotnu sredinu — UNEP i
Medunarodna komisija za zastitu od nejonizujuceg zra¢enja — ICBIRP), upucuju 1995.
godine preporuku vladama svih zemalja da koriste UV indekse radijacije — UVI (koje su
definisale ove Cetiri organizacije) u obevastavanju javnosti o stanju i potrebnim merama
zastite [1]. Ova preporuka, ponovljena je 1998. godine, kada je standardizovana
formulacija ultraviletnog indeksa radijacije (UVI) na bazi referentnog spektra pojave
eritema na kozi ¢oveka u zavisnosti od talasne duzine UV, prema referenci Medunarodne
komisije za iluminaciju — CIE [2].

2. OZONSKI OMOTAC

Ozonski omotac, jedan je od slojeva zemljine atmosfere koji sadrzi preko 91% ozona
(O3). Nastaje i nestaje fotohemijskim reakcijom UV zrafenja i kiseonika. UV-A
zraCenje, opsega talasnih duzina od 315 do 400 nm, u potpunosti prolazi kroz ozonski
omota¢, dok suncevu svetlost kra¢ih talasnih duzina UV-B opsega (280 - 315 nm)
apsorbuje u velikoj meri 93 - 99%, a u potpunosti absorbuje UV-C opseg (100 - 280
nm) deo UV Suncevog spektra. Iz tog razoga je ozonski omota¢ od neprocenjivog
znacaja za zivi svet na Zemlji. Naime, fotoni ovog dela spektra imaju dovoljnu energiju
i sa velikom veratno¢om razaraju DNK i druge organske molekule. Prisustvo ovog
zracenja u Sunc¢evom zracenju bi potpuno promenilo oblike Zivota na Zemlji. Ozonski
omotac se prostire u donjem sloju stratosfere od 10 do 50 kilometara iznad Zemljine
povrsine. Njegova debljina varira u zavisnosti od lokacije i godi$njeg doba (najdeblji u
prolece, a najtanji u jesen). Osim "dobrog” stratosferskog postoji i "los” troposferski
ozon, u najnizim slojevima atmosphere u kojima se odvijaju sve zivotne aktivnosti. On
nastaje kao posledica zagadenja atmosfere 1 sastavni je deo urbanog smoga.

Dobson je jedinica za izrazavanje koli¢ine atmosferskog ozona. Ukupna koli¢ina ozona
u vertikalnom stubu vazduha se izrazava kao debljina sloja ozona kada bi stub bio
sabijen na standarni pritisak (1 atmosfera) pri temperaturi od 0°C. Sloj debljine 0.01
mm odgovara 1 Dobsonu. Prose¢na vrednost debljine ozonskog omotaca je oko 300
Dobsona, a iznad Evrope ta vrednost je oko 350, tj. debnjina ozona je 3.5 mm. Vrednost
od 220 Dobsona se smatra za kriterujum ozonske rupe, jer niza vrednost od nje nije
zabelezena u posmatranjima pre 1979. godine. Re¢ "rupa" je zapravo metafora za deo
atmosfere u kojem je koncentracija ozona ispod 220 Dobsonovih jedinica.

Ozon se u stratosferi kontinualno proizvodi i razlaze pod dejstvom UV zradenja.
Ispustanjem u atmosferu susptanci koje ovaj proces remete dolazi do stanjivanja ovog
sloja 1 do poveéavanja intenziteta UV-B zraenja na Zemlji. Supstance koje unistavaju
ozon su: potpuno halogenovani ugljovodonici (CFC), hlorofluorougljovodonici
(HCFC), haloni, metil bromidi, karbon tetrahloridi, metil hloroformi i drugi. One su
koris¢ene u rashladnim tecnostima, pesticidima, rasprSivacima, sredstvima za gasenje
pozara i sl. Kada se jednom ispuste u atmosferu ove supstance se vrlo sporo degradiraju
1 krecu se kroz atmosferu dok ne stignu do stratosfere gde se pod dejstvom UV zracenja
razlazu otpustajuci atome hlora i broma. Naucnici procenjuju da jedan atom hlora moze
da unisti oko 100 000 molekula ozona. U srazmeri sa stanjivanjem ozonskog omotaca
neprekidno se povecéava intenzitet UV-B zracenja koji Stetno deluje na Citav zivi svet, na
zdravlje ljudi i na odredene vestacke materijale.
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Osamdesetih godina proslog veka je postalo jasno da se iznad Zemljinih polova stanjuje
ozonski omotac i industrijsko zagadenje je oznaceno kao glavni krivac. U skladu sa
time je u Montralu 1987. godine uz pomo¢ Programa UN za zaStitu Zivotne sredine
(United Nations Environment Programme) potpisan Montrealski protokol o
supstancama koje ostecuju ozonski omotac. Ovaj protokol je potpisalo 197 zemalja
medu kojima i nasa.

2.1  MONITORING DEBLJINE OZONSKOG OMOTACA

Zahvaljuju¢i medunarodnom FP-6 projektu, koji je dobio PMF u Novom Sadu,
nabavljen je instrument Solar Light Microtops II za merenje debljine ozonskog
omotaca. Merenja su pocela 23. avgusta 2007. godine. Merenja je moguce vrSiti samo
tokom vedrih dana i to je razlog zasto nedostaju vrednosti za neke dane. Na slici 1,
prikazana je promena debljine ozonskog omotaca iznad Novog Sada za period 23.
avgust 2007. — 15. jula 2014. godine. S obzirom da se pod ozonskom rupom smatra
oblast ozonskog omotaca ¢ija je debljina ispod 220 DU (dobsonove jedinice), sa slike se
moze zakljuéiti da je u ovom vremenskom periodu debljina ozonskog omotaca
uglavnom bila znatno iznad te vrednosti.
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Debljina ozonskog omotaca (DU)
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Slika 1. Promena debljine ozonskog omotaca iznad Novog Sada. Merenja su vrSena
Departman za fiziku, PMF u Novom Sadu (GPS koordinate: 45.245, 19.853)

3. UV ZRACENJE

UV zracenje je podeljeno na tri podopsega:

UV-A (315 - 400 nm), nije bioloski aktivno, intenzitet se ne menja sa koncentracijom
ozona. Prodire u dublje slojeve koze, vrsi indirektna oStecenja, a prekomerno izlaganje
je podjednako Stetno kao i izlaganje UV-B zracenju.

UV-B (280 - 315 nm), bioloski je aktivno, intenzitet zavisi od debljine ozonskog
omotaca. Oko 90% UV-B zracenja je apsorbovano od strane atmosfere. Apsorbuje se u
povrsinskom sloju koze gde vrsi direktna oStecenja.

UV-C (100 - 280 nm), kompletno se apsorbuje u atmosferi i prakticno se ne opaza na
povriini Zemlje. Cesto se zove i sterilifuée zraenje, jer se koristi u industrijskim
pogonima.
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3.1. DEJSTVO UV ZRACENJA NA KOZU

U ljudskoj kozi se najveci deo zracenja apsorbuje u epidermu, tj. u povrsinskom sloju
koze, stoga oSte¢enje koje je prouzrokovano UV zradenjem zavisi ne samo od
intenziteta zraCenja, nego 1 od propustljivosti epiderma. Dejstvo na kozu sastoji se u
pojavi eritema (crvenilo koze) i edema (otok na kozi), posle nekoliko sati od izlaganja.
Izvesno vreme nakon pocetne upale koze ili pojave eritema, povecava se koliina
koznog pigmenta melanina, kao prirodni odgovor organizma. Melanin sluzi kao zastitini
sloj od dejstva UV zracenja i uzrokuje tamnjenje koze.

Osetljivost koze na Suncevo zracenje zavisi od njene pigmentacije, tj. od koli¢ine
melanina u epidermu. Prema tome izvrSena je podela na ukupno 6 fotobioloskih tipova
koze, a na naSem podneblju on je uglavnom izmedu 3 i 4. Za nastanak suncevih
opekotina presudna je dilatacija krvnih sudova koji se nalaze upravo ispod tog
povrsinskog sloja i ta dilatacija se manifestuje kao crvenilo koze ili eritem. Da bi se na
prose¢noj kozi Coveka dobila minimalna primetna eritemska reakcija, potrebno je
izloziti UV-B zracenju od 1 MED, §to je u medicini poznato kao minimalna eritemalna
doza (minimal Erythema Dose, MED). Ta vrednost zavisi od tipa koze i data je u tabeli
1, koja je bazirana na izlaganju od 3 MED-a ljudske koze koja ranije nije bila izlagana
Suncevom tj. UV zracenju.

Tabela 1. Opisi fototipova koZe i njeno ponasanje pri osun¢avanju

Fototip | Neizlozena | MED opseg | Osetljivost na UV Presorevanie ili tamnienie
koZe boja koZe (mJ/cm?) zracenje g J Jen)

I bela 15-30 vrlo osetljiva Uvek lako pregori, nikad ne potamni

I bela 25 - 40 vilo osetljiva Uvek lako pregori, Rotamnl malo uz
teSkoce

I bela 30 - 50 osetljiva Minimalno pregor.eva, tamni postepeno 1

uniformno

v svetlo braon 40 - 60 umereno osetljiva Minimalno p regoreva, uvek dobro
potamni

v braon 60 - 90 minimalno osetljiva Retko pregoreva, obimno tamni (tamno
braon)

VI taII'lI.lO braon 90 - 150 neosetl] Wa..lhj edva Nikad ne pregoreva, obilno tamni (crna)

ili crna osetljiva

3.2. DEJSTVO UV ZRACENJA NA OCI

Kod organa vida roznjaca i socivo u velikoj meri apsorbuju UV zracenje. Pri tome
roznjaca upija zracenje talasnih duzina do 300 nm, a socivo talasne duzine od 295 do
400 nm. Oc¢na te€nost je prakticno prolazna za UV zraCenje i ne $titi so¢ivo. Roznjaca je
relativno otporna na UV zracenje i u prirodnim uslovima ne strada. [zuzetak predstavlja
"snezno slepilo" (ophthalmia nivea), koje narocito nastaje u planinama prekrivenim
snegom (visok albedo) gde je nivo zraCenja izuzetno visok. Eksperimentalno je
utvrdeno da prag traumatske doze za roznjacu zavisi od talasne duzine. Najopasnije je
ostecenje endotela roznjace zbog toga Sto endotelijalne ¢elije kod Coveka ne raspolazu
regenerativnom sposobno$¢u (starenjem se njihov broj smanjuje). Profesionalno
ostecenje sociva izazvano visegodiSnjom akumulacijom povreda UV zracenja kod lica
koja se svakodnevno izlazu produzenom dejstvu prirodnog ili vesStackog zracenja
(mornari, zemljoradnici, radnici koji rade na planinama) nije teSko spreciti nosenjem
naocara za sunce, koje upijaju ili odbijaju UV zrake.
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3.3. UV INDEKS

UV indeks, koji se koristi za obaveStavanje javnosti, je relativna jedinica
(bezdimenzionalna) i vrednosti se kre¢u od 0 pa navise [4]. Ovo daje mogucnost da
osobe sa razli¢itim fotobioloskim tipovima koze mogu da uspostave odnos UV-indeksa
sa individualnom reakcijom svoje koze. Prognoza i objavljivanje UV-indeksa daje
moguénost da se individualno ponaSanje prilagodi predvidenom i trenutnom
UV-intenzitetu [3].

Na podrucju grada Beograda i Novog Sada se duzi niz godina unazad vrSe merenja UV
zracenja dok se u Novom Sadu (Priroidno-matematicki fakultet) vrSe i redovna merenja
debljine ozonskog omotaca. Mera¢i UV zracenja su postavljeni na Institut za fiziku u
Beogradu (Solar 501 UV biometer) i kampusu Univerziteta u Novom Sadu (Yankee
Environmental System (YES) UVB-1 biometer) u Novom Sadu (slika 2). Za monitoring
koristi se Solar Light Microtops II ozonemeter.

Slika 2. Instrumenti za merenje UV indeksa: a) Solar 501 UV biometer i b) Yankee
Environmental System (YES) UVB-1 biometer

Slika 3. Graficki prikaz UV indeksa na dan 27.06.2017. godine adaptiran za
android oprativne sisteme
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Treba napomenuti da su podaci koje se dobijaju spomenutim merenjima jedini relevantni
podaci koji se mogu na¢i u Srbiji. Svi instrumenti koji se koriste i protokoli koji se
primenjuju su standardizovani u skladu sa preporukama Svetske meteoroloske
organizacije (WMO).

Vrednost UV indeksa se menja tokom dana, ali i tokom godine. UV indeks pocinje da
raste izlaskom sunca da bi tokom tokom dana, oko 13 casova dostigao maksimalnu
vrednost, a zatim opada. Na slici 3 je prikazana dnevna promena UV indeksa za vedar
dan (27.06.2017). Sa ove slike se vidi da priblizno polovinu maksimalne dnevne
vrednosti UV indeks dostize oko 10 ¢asove, a na tu vrednost opadne oko 16 ¢asova. U
tom periodu dana se emituje oko 80% ukupne dnevne doze UV zracenja. Doza zracenja
se definise kao proizvod snage zradenja po kvadratnom metru (W/m”) i vremena (s).
Jedinica doze zragenja je J/m”. Dnevna doza jako zavisi od obla¢nosti tokom dana. Za
dane koji su delimi¢no ili potpuno oblac¢ni, dnevna doza je manja nego Sto bi bila da je
dan vedar.

Krajem zime i poc¢etkom prolec¢a vrednost UV indeksa raste, da bi maksimum dostigla u
periodu kraj juna - pocetak jula. Posle toga intenzitet UV zrafenja opada, da bi od
polovine novembra vrednost UV indeksa pala na vrednost ispod 1.

Merenja u koja se poslednjih godina vrse u Institutu za fiziku, Beograd i Deprartmanu
za fiziku, Prirodno matematickog fakulteta u Novom sadu, pokazuju da UV indeks na
nasem podneblju prelazi vrednost 9 tokom juna i jula. Organizacije pri UN su dale
slede¢u kategorizaciju UV-indeksa prikazanu u tabeli 2.

Tabela 2. Kategorizacija UV indeksa

INDEKS UV | KATEGORIJA | IZLAGANJE SUNCU
111 vise Ekstremna Ekstremna zaStita

8 do 10 Vrlo visoka Ekstremna zaStita

6 do 7 Visoka Potrebna zastita

3do5 Srednja Potrebna zastita

112 Niska Slobodno

Rezultati viSegodisnjih merenja UV indeksa, slicno kao vrednosti debljine ozonskog
omotacaa tokom leta, ne pokazuju znacajna odstupanja maksimalnih vrednosti iz godine
u godinu. Maksimalne registrovane godisnje vrednosti UV indeksa se svake godine
kre¢u izmedu 8 1 9, doko su vrednosti debljine ozonskog omotaca tokom leta u proseku
nesto ispod 400 DU.

Zahvaljuju¢i projektu "Ozonizacija” finansiranog od strane UNIDO (United Nations
Industrial Development Organization), a povodom Medunarodnog dana zaStite
ozonskog omotaca (16. septembra 2014. godine), stanovnici Beograda i Novog Sada
ve¢ 4 godine unazad mogu da prate trenutne vrednosti UV indeksa na sajtu:
www.uv-srbija.rs kao i pomocu android aplikacije “UV Indeks Srbija” koja se na
telefone instalira pomocéu Play store aplikacije.

Osnovni cilj projekta je informisanje stanovniStva o opasnostima od izlaganja UV
zracenju 1 podizanje nivoa svesti 0 vaznosti pra¢enja informacija o indeksu zracenja,
izbegavanju nepotrebnog izlaganja ili izlaganja u vreme najjaceg zracenja i vaznosti
koriS¢enja zastite za kozu 1 oci. Isto tako je vazna i laka preglednost i dostupnost “on
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line” podataka na mobilnim sredstvima komunikacije kao i izrada centralne baze
podataka.

Podaci dobijeni mernjima na ova dva merna mesta su deo evropskih merenja i njihovi
rezultati su zajedno sa rezultatima svih ostalih merenja UV zracenja u Evropi nedavno
prihvaceni za Stampanje u ¢asopisu Photochemical & Photobiological Sciences (M22)
pod naslovom UV Index monitoring in Europe [5].

3.4. INFORMISANJE JAVNOSTI

Edukovanost stanovniStva o vaznosti zastite od Stetnog delovanja ovog dela Suncevog
spektra na ljudsku kozu i oc€i je u naSoj zemlji na vrlo skromnom nivou. Stanovni$tvo
zaStitu vrsi po subjektivnom osecaju u zelji da svoj ten ucini tamnijim ne znajuci da li to
¢ini ispravno ili ne i nemajuéi nikakve podatke niti znanje o zdravstvenim posledicama.
Posledica toga je da, prema nezvani¢nim podacima dermatologa, broj malignih
melanoma koze drasti¢no raste iz godine u godinu.

Ova aktivnost je mozda i najvaznija u procesu zastite od Stetnih dejstava UV zracenja,
bez obzira na izvor iz kog ono dolazi. Informisanje mora biti kratko i jasno, putem svih
raspolozivih medija — pisanih, elektronskih, panela i bilborda, ali i putem interneta gde
stanovniStvo moze pristupiti trenutnim vrednostima UV indeksa. Osim toga, vrlo vaznu
ulogu ima i edukacija stanovniStva, posebno mlade populacije i dece, koja bi se mogla
sprovoditi u osnovnim i srednjim Skolama na Casovima posvefenim zastiti Zivotne
sredine. Na zalost, ta aktivnost kod nas nije razvijena.

Koza i o€i su organi na ljudskom telu koji su najcesc¢e izlozeni UV zracenju stoga se
najveca paznja posvecuje njihovoj zastiti. Ispitivanja su pokazala da adekvatna UV
zaStita moze u 70% slucajeva da predupredi rak koze. Smatra se da se koza najbolje $titi
odecom, a delove tela koji nisu zastiCeni odeCom treba mazati zastitnim kremama.
Medunarodne preporuke kazu da treba koristiti kremu sa zastitnim faktorom 15 i
primenjivati je na svaka 2 sata kao i svaki put posle plivanja. Posebnu paznju treba
obratiti na osetljive delove tela koji su vise ili pod direktnijim uglom izlozeni Sunc¢evom
zracenju.

Najvaznija mera zastite je izbegavanje izlaganja suncu onda kada je ono najopasnije (od
10 do 16 casova) i redovno pracdenje i informisanje o intenzitetu UV zraCenja i
pridrzavanje preporuka o prevenciji njegovog Stetnog dejstva.

Vrednosti UV indeksa i preporuke za prevenciju Stetnog dejstva tj. zastite:

a) Minimalan - 0, 1, 2

Ova kategorija predstavlja minimalnu opasnost od UV zracenja. Vecina ljudi moze
ostati na suncu i viSe od 1 sat, a da ne dobije opekotine. Pri duzim boravcima napolju
preporucuje se upotreba naoCara za sunce. Ljudi sa vrlo osetljivom kozom (tip 1) i
novorodencad treba da povedu racuna o zastititi od produzenog boravka na suncu,
sunanim naocarima 1 zaStitinom kremom. Ne sme se zaboraviti na odbijeno
(reflektovano) UV zradenje te se posebna opreznost preporucuje za skijase i ljude koji
borave u planinama, kao i one na moru koji trebaju posebno da zastite podrucja ispod
brade i nosa.

b) Nizak - 3, 4

UV indeks ovih vrednosti predstavlja malu opasnost od UV zracenja. Za vecinu ljudi se
preporucuje upotreba SeSira sa Sirokim obodom, naocare za sunce i zaStitna krema.
Osetljiva populacija jos treba da doda i ode¢u s dugim rukavima, jer oni mogu dobiti
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opekotine veé posle 20 minuta izlaganja. Dobro je pratiti sopstvenu senku. Sto je ona
kraca, postoji veca opasnost od UV zracenja.

¢) Srednji - 5, 6

Ove vrednosti predstavljaju ve¢ znacajnu opasnost od UV zracenja. Za vecinu ljudi se
preporucuje upotreba SeSira sa Sirokim obodom, naocara za sunce, zaStitne kreme i
odece sa dugim rukavima. Osjetljiva populacija moze da dobije opekotine za manje od
20 minuta, pa se ne preporucuje izlaganje novorodencadi suncu u vremenu od 10 do 16
sati. Ukoliko ovakve osobe borave ili rade na otvorenom treba da zastitite vrlo osjetljiva
podrucja kao Sto su nos, vrhovi usiju i usne.

d) Visok-7,8, 9

Ove vrednosti UV indeksa predstavljaju visoku opasnost od UV zracenja. Treba
smanjiti boravak na suncu izmedu 10 i 16 sati, koristiti SeSir sa Sirokim obodom,
naocare za sunce, zastitnu kremu i odecu dugih rukava. Ljudi sa vrlo osetljivom kozom
mogu dobiti opekotine za manje od 10 minuta. Preporuka je da novorodencad i deca ne
izlaze na sunce izmedu 10 i 16 sati. Svakako je dobro potraziti senku, ali treba biti
svestan da voda, pesak, beton, stene i sl. refleksijom mogu povecati nivo UV zracenja i
na mestima koja nisu direktno izloZena suncu, pa je i u senci potrebna zastita. Dobro je
koristiti ode¢u od gusto tkanog materijala, jer UV zraci mogu da prodru kroz tanku
tkaninu.

e) Vrlo visok- 10 i vise

Vrednosti UV indeksa 10 i viSe predstavljaju vrlo veliku opasnost od UV zradenja.
Preporuka je da se maksimalno smanji boravak na otvorenom sredinom dana od 10 do
16 sati. Kao zastita se svakako preporucuje upotreba Sesira za Sirokim obodom, naoc¢ara
za sunce, zastitne kreme, odec¢e dugih rukava od gustog tkanja i izbegavanje boravka na
direktnom suncu. Preporuka je da novorodencad i deca nikako ne izlaze na sunce
izmedu 10 i 16 sati. Osjetljiva populacija moze dobiti opekotine za manje od 5 minuta.
Zastitni faktor (Sun Protection Factor, SPF) je vrednost vidno istaknuta na ambalazi
preparata za zaStitu od sunca koji pokazuje koliko se puta duze moze boraviti na suncu
uz primenu zastitnog preparata nego bez njega, a da ne dode do pojave crvenila
(eritema) na kozi.

Na primer: ukoliko je vase licno vreme gorenja (pojavljivanja crvenila) 30 minuta i vi
namazete telo zaStitnim preparatom za suncanje sa SPF 8 to znaci da mozete ostati na
suncu 8 puta duze tj. 4 sata, a da se ne pojavi crvenilo (eritem). Vazno je napomenuti da
nanosSenje zaStite viSe puta zaredom ne povecava bezbedno vreme suncanja tj. ne
povecava SPF. Jedini na¢in da se bezbedno vreme suncanja produzi je koris¢enje kreme
sa ve¢im SPFom. Takode, nanoSenje zastite se ne prenosi na slede¢i dan ve¢ traje samo
tog dana kada je naneseno i to ukoliko nije mehanicki skidano ili spirano.

4. ZAKLJUCAK

UV indeks je veli¢ina koja omogucuje informisanje javnosti o intenzitetu Sunéevog UV
zracenja u odnosu na fotobioloski tip koze. Ova veli¢ina je oznancena od strane WHO
pre vise od 20 godina, dok se u Srbiji (Beogradu i Novom Sadu) meri ve¢ vise od 10
godina i1 podaci se objavljuju na lokalnim internet stranicama. Svetska iskustva su
pokazala da je prevencija odnosno pravovremeno izvesStavanje javnosti o preteranom
izlaganju Suncevom UV zraenju kao i zastiti najbolja prevencija raka koze i oStecenja
o€iju. Obzirom da doskorasnja informisanost javnosti putem lokalnih internet stranica
nije bila dovoljna, merenja u ova dva grada su objedinjena kroz projekat ,,Ozonizacija® i
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objavljuju se pomocu android aplikacije (UV indeks Srbija) i jedinstvene internet
stranice (http://www.uv-srbija.rs/), a izmerene vrednosti se beleze na svakih 30 minuta.
Uz podatke UV zraenja, objavljuju se i vrednosti debljine stratosferskog ozonskog
omotaca iznad Novog Sada kao 1 opSiran tekst sa svim objasnjenjlma vezanim za UV
indeks, nadine i sredstva zastite od Suncevog zraCenja. Osim merenja i rezervne
akvizicije podataka, vrSi se i provera modela prognoze UV zracenja [6], godiSnja
interkomparacija instrumenata, kao i poredenja izmerenih vrednosti UV indeksa u ova
dva grada. Poredenja vrednosti UV indeksa su pokazala veliku sli¢nost podataka ¢ija
disperzija zavisi uglavnom od lokalnih meteoroloSkih parametara (oblacnost i opticka
zamucenost atmosfere) kao i fizicke osobine UV zracenja, kao zracenja najkrace talasne
duzine u atmosferi, da se rasejava.
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ABSTRACT

UV radiation in Serbia is measured independently in Belgrade and Novi Sad for many
yvears. For better public information, these measurements are unified and uniformed
through the project of non-governmental organizations named "Ozonisation", and are
now available on the website http://www.uv-srbija.rs and applications for Android
mobile phones “UV index Serbia”. Data of UV Index are updated every half hour,
while the data for the concentration of stratospheric ozone above the Novi Sad, i.e.
Serbia, are given daily. The UV index values are displayed graphically, and the site
provides a detailed explanation of what the UV index represents, which index values
are dangerous, how to protect against excessive exposure to sunlight, and how the sun
protection factor (SPF) is calculated.
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ABSTRACT

A review of a new radon exhalation measurement method is presented. This method
provides also a measurement of the radon diffusion length and the radon emanation
coefficient, which is not possible by standard radon exhalation measurement methods.
Besides, three standard radon exhalation measurements are presented. closed chamber
with an active instrument, closed chamber with a solid state nuclear track detector and
a charcoal canister method. An intercomparison of advantages and disadvantages is
also given. A short review of previous measurements of radon exhalation from
comercial building materials in Serbia will be given in the presentation.
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Pronalazak pripada oblasti cksperimentalne fizike, a odnosi
se na redavanje problema destrukcije tablete od praSkastog
materijala usled lepljenja na mnosa¢ za vertikalno
pozicioniranje uzoraka u komori za vakumiranje 1 hladenje
pri spektroskopskim merenjima. ReSenje ovog problema je
modifikacija nosaa uzorka koja je suStina ovog malog
patenta. Modifikovani bakarni nosaC ne razara uzorak i
reava problem homogene raspodele temperature po
uzorku. Na bakami nosa¢ (7) pri vrhu boCne strane narezan
je navoj (6) sitnog koraka tako da se bakarni poklopac (2)
sa navojem (3) mozZe naviti preko tablete (4) koja se nalazi
u odgovaraju¢em udubljenju (5). Bakarmi poklopac (2) je
profilisan tako da je otvor (1), za 2 mm manji od preCnika
tablete (4), koja je standardne veli¢ine od 10 mm.
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a) ObJiacT TEXHHKE HA KOjy ce IPOHAJIA3aK OAHOCH

Ilponanazax npumaga o0lacTd eKkcHepuMeHTalHe (U3MKE Tj. ONpeMH U
UHCTPYMEHTMMA KOjU C€ KOPUCTE IIPY CNEKTPOCKOICKUM MEPEHhUMa 2 KOHKPETHO CE OJHOCH
Ha HOCa4e 32 KOMODE 3a BaKyyMUpame U xjuahjeme.

6) Texnuuxu npobem

Texuuuku npobsieM KOjU €€ peluaBa NPEJIMETHHUM MPOHATACKOM OJHOCH CE€ Ha TO KaKO
KOHCTPYKIIMOHO PELIMTH HOCa4 33 BEPTHKAIHO NO3UIMOHUpamke TaONeTHUX y30paka Koju he
CIpe4YuTH Nylame M pacrnagame y30pka HAaKOH Mepeme M OMOIYNHTH HUXOBY Halby
ynorpe0y.

n) Ctame TeXHHUKE

IlpemMa cramy TeXHUKE T[O3HaTe Cy pa3IM4MTEe KOHCTPYKLMje HOca4a 3a
NO3UIMOHUPAE Y30paka Of MPAIIKACTHX MaTepHjaia Kao €0 KOMOpPE y CIEKTPOCKOICKUM
mepewnma. Y o0jaBibeHo) mnpujaBu marenra US6992759B2, onmcaH je M IpukaszaH
npoHayia3ak oA HaszuBoM “Jlpikady y3opka 3a Mepeme crekrapa u crnekrpodoromerap’.
Texauyku npobieM KOjU je peliaBaH cacTojao Ce y TOME [ja C€ OBHUM JpiKadeM IOjelIaBa
[OJIOXKa] ¥ TeMIeparypa YBPCTMX M TEYHMX Y30paka y TOKY XEMHjCKE peakiuuje a 3a
nobujame ancopmuMoHux crekrapa. IJo3Hate Cy TEXHMKE 3arpeBama 4YBPCTHX y30paxa
noMolly ONTUYKHMX BJIaKaHa, ajy CKOpPO HMINTA HHUje IO3HATO O METOAa Xjahjema TEeYHMX
y30paka M CHUMama COeKTapa Ha HHUCKMM TeMmenparypama. 3a cafa Cy OTKpUBEHe
KOH(bUIypallMje Koje Ce MHCTANMPajy JUPEKTHO Yy anapar 3a CHUMame CIeKTapa, ajli He U
OHE KOj€ MMajy CpeICTBa 3a IOZELIaBamke II0JIOKAja Y PA3IM4UTHM NpaBIMMA Kao U 3a
NpYMEHyY Ha Pa3lIMYUTUM ypehajuma 3a cHUMame crnekrapa. OBUM NaTEHTHUM IPOHATACKOM
peweH je u npobiaeM CHuMawa MH(PALpPBEHUX CIIEKTapa, KOX KOJUX C€ y30paK JpKH
Hajuemhe y BaKyyMy Ipu 4eMy Ce 3arpeBarbe Y30pKa BPIIHM CIELH]aIHAM IpejHuM henujama.

ITarentHa npujaBa US2004/0263843 Al, nox nacnosom “Cnernyjaniu Hocad 3a PamaHoB
CIIEKTPOCKOIICKM CHUCTEeM~ peiaBa IpolieM IO3MIMOHMpama y30pka y PamanOoBO)
CIEKTPOCKOIMjH, KOHCTPYUCAHEM ONTHYKE COHZAE KOja CMamyje KOHTaMMHALM]y Y30pKa.
Jajby LMb NPOHATACKA j€ KOHCTPYMCalh€ TAKBE ONTHYKE COHAE KOja je KOMIIAKTHa U
bnexcubunna. TakBa conza ykipydyje GOTOHCKY KPHCTaJIHYy CBETJIOCHY BOAMLY 3a IpHUjEM
JIACEPCKOT CHOIA M3 M3BOpA KA0 U 33 yCMEPaBame JIACEPCKOr 3paka IpemMa y30pKy u3abpaHor

marepyjaia. CucteM nabe yKkibydyje ¥ COYMBA 32 NPHUJEM ONTHUKMX 3paka Kao0 U ONTUYKH

QHAJIM3ATOP KOjU C€ KOPUCTH 32 aHANK3y pedIIeKTOBAHOT CIIEKTPA.

CIIEK]
KOHE’
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MebhyTum, cBa rope Ha3Ha4eHa pellemha KOHCTPYKIMje HOCada 3a NOCTaB/bame y30paKa y
CHEKTPOCKOIICKMM  METOAaMa ¥MMajy OCHOBHM HENOCTaTaK Yy  CIIOXEHOCTH HUXOBE
koHeTpykuuje. OCHM TOra IOCTaB/ba C€ U NUTAKE HUXOBE EKOHOMMYHOCTH. 1'Ope HaBeneHu
HENOCTAllM OTKJIOHEHU Cy KOHCTPYKLUM]OM MOAMGDUKOBAHOT HOCA4d 3a BUIIEHEMEHCKY

[PYMEHY Y CHEKTPOCKONCKUM MEPEHHMA.
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a) H3narame CymTHHE NPOHAJIACKA

Jla 6u ce Tabnera on mpamkacTor Marepujaia KOpUCTaa U 3a Apyre eKCIepUMEeHTe Kao U
na 6u ce 0be3bequio Oosbe oaBoheme TomnoTe, bakapHU Hocay je NMpodHINCaH Tako Ja ce
y30pak Tabnere nocrasy y yayOJbeme Koje Ce Hajlasu y LIEHTpy Hocada ca ropme crpate. C
003upom j1a cy cBe Tabsere ucTvX AMMeH3Wja AyOMHAa mnpodumcaHor yayOsbema y Teiy
DakapHor Hocaua je 3a 0,05 mm Beha on nebspune Tabnere. Ha Oakapuu Hocad je ca OouHe
crpaHe Hape3aH HaBoj (uHor kopaxka (M25 x 0.75), Tako ma ce OakapHM NOKJOman ca
ype3aHUM HaBOjeM MCTOI KOpaka MOXe HaBUTHM Ha HOCa4 IIPEKO y3opka TabierHor obimka.
360r mase pasznuke yayOsbema 3a NMO3UIMOHMpahe y DakapHOM Hocady u ebibuHe Tabnere,
TIOKJIONAL] C& MOXKE 3aBUTH IO Kpaja, a [ia IPUTOM He TIOJIOMM Y30paK ! Jia Ta JPXKH YBPCTO y
JKEeJbEHOM I0JI0Ka]y. bakapHu mokJonan je nmpoduancaH Tako /ia je MPEeYHMK OTBOpa 3a 2
mm MamH Off IpeYHMKa TabyeTe, Koja je cTauaapaHe Benuanse oko 10 mm.

e) Kparax onuc ciauke Hanpra

Cnuka 1. Ilemarcky npuka3 morjiena ca CTpaHe M NONPEeYHOr Ipeceka OakapHOr Tesa
HOCaua Ca MOKJIOINLIEM U TaDJIeToM.

CBE
HOA
34k



1597 U1

¢) Jerasban onuc MPOHANACKA

Baxapuu Hocad 7 je MPODUINCAH Tako /ia Tadyera 4 O MpalKkacTor Marepujana y mera
ye mocTasibeHa y yaybsbeme S Koje Ce Hanasu y LEHTPY . Ha 6axapuu Hocad 7 je ca boune
cTpaHe Hape3aH HaBoj 6 ¢uHor xopaka (M25 x 0.75), Taxo na ce Oaxapnu mokjornai 2 ca
OTBOpPOM 1, Ha KOME je ype3aH HaBOj 3 MCTOT KOpaka, MOXE HaBUTH NPEKO Tabnere 4 on
npamkactor Marepujaia. bakapuu noxsonan 2 je npoummcas Tako Aa je otsop 1 3a 2 mm
MamH Of IpeuHuKa Tabnere 4, koja je crannapaxe BeMduHe 0ko 10 mm. C ob63upom fa cy
cBe Tabiere 4 wcTHX auMeHsuja, AybuHa mpodummcaHor ynyOibema 5y Teny BakapHOr
nocada 7 je 3a 0,05 mm seha ox nebmune Tabnere 4. Kana ce faxapuu noksonan 2 70 Kpaja
3asuje He omrehyje Tabnery 4, a APXKH je YBPCTO y OCH JIACEPCKOT CHOIIA.

r) Hauus nuHIyCTpHjCKe WM Apyre NPMMEHE NPOHAIACKA

IIposana3ak je NOCIENMLA PENIaBaiba npodnema KOHCTYPKIIMj€ HOCa4a 332 BEPTUKAJIHO
[IO3MI[MOHUpPathe TAaONeTHUX y30paka Of] NpaIKacThxX maTepujaa KOju je JIE0 KOMOpe 3a
BaKyMHparbe U xJaheme KOja ce KOPUCTH Y CHEKTPOCKONCKUM MEpErHhUMa. berosa npumeHa
ce onmock Ha Moryhuoct kopumhema MCTOr y30pKa 3a pasiuiuTe €KCNEPUMEHTE, HITO
OTKJIarba TPEeIKe Koje MOy HAaCTaTH MpH ynopehusarmy pesynrara n00HMjeHIX Ol Pa3INYUTOr

NpAaIIKacTOr MaTEPH)alia UCTOT CacTaBa.
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IlaTeHTHH 3aXTeB

1. MomubukoBanu HOcau 3a BEPTUKAIHO MO3MLMOHMpAme TabJETHHX y30paka Of
NpAIIKACTHX MaTepHjaia, KOjH je Jeo KOMOpe 3a BaKyyMHpambe 1 Xiaheme Koja ce KOPUCTH y
CIIEKTPOCKOTICKHAM MepemiMa, Ha3HA4eH THMe, CacToju ce o GakapHor Hocada (7) y 4mjem
LeHTpy je m3BeneHo yayomeme (5) 3a cmewmTame Tabnere (4), ca usBesieHHM HagojeM (6) ca
GouHe CTpaHe uMjH KOPaK OfroBapa Kopaky HaBoja (3) M3BesieHOM Ha mokiomiy (2) ca
oreopoM (1), y meHTpy 3a 2 mm MamHM O TpedHuka Tabnere (4), H3BEACHUM
TaKo 3 HaBMjamweM Ha Hocad (7) npuuspiuhyje Tabnery (4).
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PEITYBJIIMKA CPBHUJA

3aB0J 32 HHTEJCKTYAJHY CBOjI/IHy
beorpan, Knerume Jbyouiie 5

UCITPABA O MAJIOM ITATEHTY

bpoj 1509 U1

ToaHocuonMMa MpHjaBe 3a NpU3Hamke Major NaTeHTa
KOJIAPXK, Ipenpary, ap, Ceeroropcka 30, 11000 Beorpan, RS;
BEJbOBUR, JOBAHOBUh, Comn, 1p, Kieza Buniecnasa 76, 11000 beorpan, RS; .
MWbKOBUR, Byanmupy, Jbydomupa Crojanosuha 38, 11000 Beorpan, RS,
NPHU3HAT je MaJIK IATERT TG/l HA3UBOM
ONTHYKH IMOJAYABAY MAJIMX MHTEH3UTETA UV-B 3PAYEIA
KAO JJEO CUCTEMA KOHTPOJIE H3JJATAHA ITACTEHHYKHX
CAJJTHUIIA CYHYEBOM 3PAYELY
no npujasu MIT -2017/0033, nogneroj 19.05.2017. ronuse.

Mauiy maTeHr je ymucar y Perncrap Manux naresara 22.08.2017. rozvse,
1 06jaBsben y [nacHuKy WHTeNIeKTyanHe cBojute 6poj 9/2017 nana 29.09.2017. ronune.

Masu natedT Baxku Ao 19.05.2027. roavHe, Mo YCJIOBOM
Jla ce TOJMIIIbE TaKCe 33 IherOBO OJIpIKaBarhe PCAOBHO inahajy.

OBa UcTIpaBa u3narta je Ha ocHoBYy 4iana 110. 3axona o naTeHTUMa,
("Cnyx6enu rnacuux PC", 6p. 99/11).

Beorpan, 02.10.2017. ronune
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19.05.2017.
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(21) Broj prijave:
(22) Datum podnoSenja prijave:

(45) Datum objavljivanja malog
patenta:

(73) Nosioci malog patenta:
KOLARZ, Predrag, dr
Svetogorska 30, 11000 Beograd, RS;
VELJOVIC, JOVANOVIC, Sonja, dr
Kneza ViSeslava 76, 11000 Beograd, RS;
MILJKOVIC, Budimir
Ljubomira Stojanovica 38, 11000 Beograd, RS

(72) Pronalazadi:
KOLARZ, Predrag, dr;
VELJOVIC, JOVANOVIC, Sonja, dr;
MILJKOVIC, Budimir

(74) Zastupnik:

(54) Naziv: OPTICKI POJACAVAC MALIH INTENZITETA UV-B ZRA(?EI:IJA KAO DEO
SISTEMA KONTROLE IZLAGANJA PLASTENICKIH SADNICA SUNCEVOM ZRACENJU

(57) Apstrakt:

Pronalazak pripada oblasti pobolj$anja kvaliteta plasteniCkih
sadnica u poljoprivredi koje nisu u dovoljnoj meri izloZene
UV-B komponenti (2) Sunéevog zracenja. To izlaganje se
omoguéava dizanjem boc¢nih stranica plastenika. U uslovima
smanjenog Sunéevog zrafenja intenzitet UV-B komponente (2)
je ispod praga osetljivosti UV-B fotodiode (3) i potrebno ga je
pojacati. Kori§éenjem paraboloidnog kvarcnog ogledala (1), na
koje je centrino pri¢vrSéen nosa¢ (4) kucista (5) UV-B
fotodiode (3), UV-B komponeneta (2) Suncevog zraenja se
prikuplja sa vece povrsine i projektuje u jednu tacku na kojoj
se nalazi osetljiva povrS§ina UV-B fotodiode (3) koju na
fokalnoj tacki drzi kuciste (5) sa navojem. Navoj sluzi da bi se
podesila fokalna tacka po osi paraboloidnog kvarcnog ogledala
(1). Osetljiva povrina fotodiode je 0,16 mm?”. Na taj nacin se
zraenje prikuplja sa veée povrsine i projektovanjem na UV-B
fotodiodu (3), opticki pojacava iznad praga osetljivosti pri
niskim intenzitetima UV-B komponente (2) Suncevog
zraenja. Analogni signal se potom pomocu pojacavaca (6)
pojacava i digitalizuje radi pretvaranja u snagu zraCenja po
jedinici povrSine.
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Penensuje

Ref: MEAS-D-19-00668

Title: A Novel Methodology for Measuring the Concentration and Mobility of
Air TIons: the Environment of Cisatrské& Cave in the Moravian Karst

Article Type: Research Paper

Dear Pedrag Kolarz,

Thank you once again for reviewing the above-referenced paper. With your
help the following final decision has now been reached:

Reject with NO option to submit a new paper

We appreciate your time and effort in reviewing this paper and greatly value
your assistance as a reviewer for Measurement.

Yours sincerely,

Paolo Carbone
Editor in Chief
Measurement

Dear Dr. Kolarz

Thank you for your review of the paper referenced in the subject.
Your comments were put in the section seen by the Editors only.
I would like to propagate them to the authors as well.

Do you agree?

Thank you.

Sincerely,

Paolo Carbone

Prof. Paolo Carbone

Editor-in-Chief of Measurement

Eng. Department - University of Perugia, Italy
Office: +39 075 5853629

Mobile: +39 348 1516439

Email: paolo.carbone@unipg.it

Ref: ENVINT_2019_1178

Title: Effect of Air Filtration on Indoor PM2.5, Radon and Its Decay Products

Environment International

Dear Dr. Kolarz,

Thank you for reviewing the above-referenced paper.

The current version of this manuscript (which may not be the one you reviewed) has been
rejected for publication.

Reviewer and Editor comments to the author can be found below.

I appreciate your time and effort in reviewing this paper and greatly value your assistance
as a reviewer for Environment International.



I hope you enjoyed using Scopus and that it helped you to review this article. If you have
not yet activated or completed your 30-day full access to Scopus, you can still do so. You
can start your 30-day access period at any time within 6 months of the date you accepted
the invitation to review.

Kind regards,

Xavier Querol

Associate Editor

——————————————— Ref: ENVINT_2019_1178

Title: Effect of Air Filtration on Indoor PM2.5, Radon and Its Decay Products

Journal: Environment International

Dear Dr. Kolarz,

Thank you for your review for the above-referenced manuscript. I greatly appreciate the
commitment of your time and expertise. Without the dedication of reviewers like you, it
would be impossible to manage an efficient peer review process and maintain the high
standards necessary for a successful journal.

When a final decision has been reached regarding this manuscript you will be able to view
this decision, as well as reviews submitted by any other reviewers,

at: http://www.evise.com/evise/faces/pages/navigation/NavController.jspx?JRNL ACR=ENV
INT. You can also access your review comments here, at any time.

I hope that you will consider Environment International as a potential journal for your own
publications in the future.

Kind regards,

Xavier Querol

Associate Editor

Environment International

Dear Dr. Kolarz:

Thank you for reviewing manuscript # NST-2018-0586 entitled "Developing the
electrical model for the continuous monitoring of radon by a radon-in-air
monitor coupled to an air-water exchanger" for Nuclear Science and
Techniques.

On behalf of the Editors of Nuclear Science and Techniques, we appreciate the
voluntary contribution that you give to our journal. We thank you for your
participation in the online review process and hope that we may call upon you
again to review future manuscripts.

Sincerely,

Dr. Li-Hua Sun

Associate Editor

Nuclear Science and Techniqus
sunlihua@sinap.ac.cn

FROM: Dr Samy El-Gamal [mailto:samy elgamal@edu.asu.edu.eq]
SENT: Sunday, July 08, 2018 10:23 PM

TO: Rodoljub Simovic

SUBJECT: Re: Nucl Technol Radiat

_DEAR PROF DR. RODOLJUB SIMOVIC



_EDITOR OF NUCLEAR TECHNOLOGY & RADIATION PROTECTION

I APOLOGIZE FOR THE DELAY IN RESPONDING TO THE REVIEWER REQUESTS
BECAUSE OF THE TRAVEL TO DO UMRAH IN SAUDIA ARABIA.

PLEASE FIND THE ATTACHED FILES.
BEST REGARDS,

SAMY EL-GAMAL
8-7-2018

Dear Reviewer,

We thank you for accepting for review the following proposal submitted to National Research, Development and Inno
Office (NRDI Office):

Principal investigator: Dr. Robert Mészaros

Title: Consortional main: Determination of the atmospheric transport, concentration and deposition of radionuclides al
particulate matter by in situ measurements and model simulations

ID: 128805

On the start page where you will enter you may find guidelines for reviewing, scales for scoring and occasionally infor
pertaining to the evaluation of a specific field of science.

Thank you in advance for your help in evaluating proposals submitted to us.

NRDI Office

CC: steinhauser@irs.uni-hannover.de

Dear Dr. Kolarz,

Thank you very much for your evaluation of the manuscript Indoor radon
concentration in residential environments for Environmental Science and
Pollution Research.

Based on the reviewers' suggestions a decision about this paper has been
reached: Accept.

The decision letter to the author can be read from within your Editorial
Manager account by using the Reviewer Login.

Yours sincerely,

Dr. Georg Steinhauser

Editor

Environmental Science and Pollution Research

Thank you very much for your accepting.



Your review will be important for making our decision and for the quality of
AQAH.

Our editorial staff of the Springer will send the paper for your online
review.

If possible, we would like to receive your valuable review in about 2 weeks.
Kindest regards,

Y S Chung
EIC

On 2017-06-11 13:52, Chung Y S wrote:
DEAR DR PREDRAG KOLARYZ:

IN VIEW OF YOUR EXPERTISE I WOULD BE GRATEFUL IF YOU (OR, YOUR STAFF)
COULD REVIEW THE FOLLOWING (ALSO ATTACHED) MANUSCRIPT:

Manuscript Number: AIRQ-D-17-00135

Full Title: Regional wvariation of the influence of the building
conditions on indoor radonconcentration

Article Type: Original Research

Keywords: indoor radon concentration, building factors, Lowess model,
Artificial Neural network, kindergartens, Bulgaria

Corresponding Author: Kremena Georgieva Ivanova, Ph.D., National
Center of Radiobiology and Radiation Protection, Sofia, BULGARIA

YOUR REVIEW WILL BE VALUABLE FOR THE IMPROVEMENT OF THE PAPER AND FOR
THE QUALITY OF THE INTERNATIONAL JOURNAL, AQAH.

IF YOU ACCEPT OUR INVITATION, WE WILL SEND THE ATTACHED MANUSCRIPT FOR
YOUR ONLINE REVIEW.

WITH KIND REGARDS,

Y S CHUNG

EDITOR-IN-CHIEF

AIR QUALITY, ATMOSPHERE AND HEALTH (SPRINGER)

HTTP://LINK.SPRINGER.COM/JOURNAL/11869

(2015 IMPACT FACTOR 2.324)

Dear Dr. Kolarz:
Thank you for your help with manuscript 2016EA000241-TR, "What we can learn from
measurements of air electric conductivity in 222Rn-rich atmosphere," the latest version of

which was submitted on 2017-01-09.

For your records, the editor's decision for this manuscript, based partly on your input, was
Acceptable in present form.

The decision may not correspond exactly with your advice as it is the outcome of four or five



opinions in all. Nonetheless, you may be assured that your input was weighed carefully and
made a significant difference.

If the decision is for &€cemajor revisiond€ or d€ceresubmissiond€, we may ask you to offer
your advice once again, and we certainly hope you will be willing to help.

Your assistance and participation in the review process for Earth and Space Science is
greatly appreciated a€" review of new work is a critical part of research and scholarship,
and we appreciate your willingness to contribute.

Sincerely,

Jonathan Jiang,
AGU Editor

Dear Dr. P. Kolarz,
following the proposal of an Editorial Board Member, we take the liberty of asking you to
evaluate the attached manuscript submitted for publication in the journal Measurement

Science Review.

MEASUREMENT SCIENCE REVIEW is a scholar journal published by Walter de Gruyter GmbH
in cooperation with VERSITA.

For more details please see http://www.degruyter.com/view/j/msr.

The aim of the journal is to publish papers from scientific disciplines covering the
Measurement science with an orientation toward the theory of measurement, measurement
of physical quantities and measurement in biomedicine.

Manuscript ID: MEASUREMENT SCIENCE REVIEW 2016
Ref. number: MSR16-95

Title: Measuring Light Air Ions in a Speleotherapeutic Cave
Authors: Z. Roubal, K. Bartusek, Z. Szabd, P. Drexler, J. Uberhuberova

Ms. Ref. No.: JENVRAD-D-16-00470
Title: Radon as a natural tracer of underwater cave exploration
Journal of Environmental Radiocactivity

Dear Dr. Predrag Kolarz,
Thank you for your review of this manuscript.
You may access your review comments and the decision letter (when available)

by logging onto the Elsevier Editorial System
at http://ees.elsevier.com/jenvrad/. Please login as a Reviewer using the




following username and password:

Your username is: kolarz@ipb.ac.rs

If you need to retrieve password details, please go to:
http://ees.elsevier.com/JENVRAD/automail query.asp

If you have not yet activated or completed your 30 days of access to Scopus
and ScienceDirect, you can still access them via this link:

http://scopees.elsevier.com/ees login.asp?journalacronym=JENVRAD&username=kol

arz@ipb.ac.rs

You can use your EES password to access Scopus and ScienceDirect via the URL
above. You can save your 30 days access period, but access will expire 6
months after you accepted to review.

Kind regards,
Sheldon Landsberger

Special Issue Managing Guest Editor
Journal of Environmental Radiocactivity

Many thanks for your rereview!

Hannele

From: Predrag Kolarz [kolarz@ipb.ac.rs]
Sent: Monday, February 29, 2016 2:10 PM
To: Hannele Korhonen

Subject: Re: BER: Leino et al. rereview

Dear Hannele

Author have done a good job.
Manuscript is now ready for publication without any further corrections
(concerning me) .

Kind regars
Pedja

On 2016-02-18 14:46, Hannele Korhonen wrote:
Dear Pedja,

You recently reviewed the manuscript entitled "Intermediate ions as a
strong indicator for new particle formation bursts in boreal forest"
by Leino et al submitted for publication in Boreal Environment
Research. In you review, you indicated that you would like to see the
revised manuscript before making a recommendation whether it should
be

published.

Please find attached the revised manuscript (showing changes made
compared to the original version) together with the authors' replies
to your comments. I would be happy if you could your possible



remaining comments and your recommendation to me within the next two
weeks.

Best regards,
Hannele

Dear Dr. Predrag Kolarz ,

We would like to take this opportunity to express our gratitude for your
kind assistance toward the scientific endeavor of publishing Scientia
Iranica.

It is an honor for us to benefit from your valuable ideas in the promotion
of this journal and we sincerely hope that this collaboration would
continue in the future.

Thank you again for your cooperation, good will and patronage.

Sincerely Yours,
Office of Scientia Iranica

Dear Dr. Predrag Kolarz,

Thank you once again for reviewing the above-referenced paper. We appreciate your time and effort in
reviewing this paper and greatly value your assistance as a reviewer for Environmental Engineering and
Management Journal.

We hope for future cooperation.

Best regards,

EEMJ Editorial Office

Professor Maria Gavrilescu
Managing Editor

Environmental Engineering and
Management Journal

Gheorghe Asachi Technical University of lasi
Faculty of Chemical Engineering

and Environmental Protection

Department of Environmental Engineering
and Management

73 Prof.dr.docent Dimitrie Mangeron Street
700050, lasi, ROMANIA




