




2.  СТРУЧНА БИОГРАФИЈА КАНДИДАТКИЊЕ 
  
Маја Кузманоски је рођена 18. 5. 1973. године у Београду, где је завршила основну и 
средњу школу. Студије физике на Физичком факултету Универзитета у Београду уписала 
је 1992. године. Дипломирала је на смеру Теоријска и експериментална физика у децембру 
1998. године, са просечном оценом 9,07. У мају 2000. године уписала је постдипломске 
студије на Физичком факултету Универзитета Нови Јужни Велс у Сиднеју, у Аустралији, 
y области атмосферске физике. У току докторских студија, у периоду од фебруара 2001. 
до јуна 2004. године, била је стипендиста Владе Аустралије (International Postgraduate 
Research Scholarship). Докторирала је у децембру 2005. године, под руководством проф. 
др Мајкла Бокса и др Гејл Бокс. Назив докторске дисертације је “Физичка и оптичка 
својства атмосферских аеросола у експерименталним кампањама” (Physical and optical 
properties of aerosols from field campaigns). Од маја 2005. до маја 2007. године, Маја 
Кузманоски је радила хонорарно за Bay Area Environmental Research Institute (BAERI) у 
Сан Франциску, у Калифорнији. У току тог периода је, у сарадњи са др Беатом Шмидом 
(BAERI) и др Филипом Раселом (NASA Ames Research Center) наставила рад у области 
оптичких карактеристика аеросола и њихове улоге у климатском систему. Упоредо са 
овим ангажовањем, радила је као наставник физике у Математичкој гимназији, од 
септембра 2005. до јуна 2011. године.  

Од фебруара 2011. године, Маја Кузманоски је запослена у Институту за физику у 
Београду. Од 2011. до 2019. године је била ангажована на националном пројекту ИИИ 
43007 “Истраживање климатских промена и њиховог утицаја на животну средину-
праћење утицаја, адаптација и ублажавање”, финансираном од стране Министарства 
просвете, науке и технолошког развоја Републике Србије. Била је учесник два 
међународна пројекта у оквиру EU Н2020 програма: GEO-CRADLE (Coordinating and 
integRating state-of-the-art Earth Observation Activities in the regions of North Africa, Middle 
East, and Balkans and Developing Links with GEO related initiatives towards GEOSS) у 
периоду 2016-2018. године и ACTRIS-2 (Aerosols, Clouds, and Trace gases Research 
InfraStructure Network) Integrated Activities (IA) у периоду 2015-2019. године. Члан је 
координационог одбора (Management Committee) COST акције PROBE (PROfiling the 
atmospheric Boundary layer at European scale) која је у току (2019-2023). Део је тима који се 
бави даљинским мерењима лидар системом у Београду, који је део европске мреже лидар 
система EARLINET (European Aerosol Research Lidar Network).  

Главне теме рада Маје Кузманоски су истраживања оптичких карактеристика 
атмосферских аеросола применом даљинских мерења и моделирањем, као и анализа 
утицаја атмосферских аеросола на квалитет ваздуха. Кандидаткиња је аутор или коаутор 
10 радова објављених у међународним часописима, једног поглавља у истакнутој 
монографији међународног значаја и више саопштења на међународним конференцијама.  

 



3. ПРЕГЛЕД НАУЧНЕ АКТИВНОСТИ КАНДИДАТКИЊЕ 

Напомена: Звездицом (*) су означени радови публиковани у периоду након претходног 
реизбора у звање 

Научно-истраживачки рад кандидаткиње, Маје Кузманоски, одвија се у области 
атмосферске физике и физике животне средине. Њена досадашња научна активност  
усмерена је на две теме: (1) оптичке карактеристике атмосферских аеросола и  њихова 
улога у климатском систему и (2) загађење животне средине и утицај атмосферских 
аеросола на квалитет ваздуха. 

У периоду пре ангажовања у Институту за физику у Београду, истраживања кандидаткиње 
су била усмерена на област оптичких карактеристика и радијативних ефеката 
атмосферских  аеросола. Истраживања су базирана на подацима о физичким и оптичким 
карактеристикама аеросола добијеним даљинским мерењима санфотометром и лидаром, 
као и in situ мерењима у току две експерименталне кампање организоване са циљем 
карактеризације аеросола у југоисточној Азији и јужној Африци, због њиховог значајног 
утицаја на регионалну и глобалну климу. Кандидаткиња је радила на моделирању 
карактеристика атмосферских аеросола, валидацији модела поређењем са мерењима, као и 
на анализи конзистентности различитих метода мерења коришћењем модела као везе 
између различитих мерених карактеристика аеросола. Кандидаткиња је рачунала 
расподеле аеросола по димензијама на основу мерених зависности оптичке дебљине слоја 
аеросола од таласне дужине. Затим је радила на моделирању оптичких карактеристика 
аеросола на основу израчунатих и мерених расподела аеросола по димензијама и индекса 
преламања честица добијеним на основу њиховог хемијског састава. Разматран је утицај 
начина на који су апсорбујуће и неапсорбујуће компоненте аеросола помешане у 
честицама на оптичке карактеристике аеросола. Кандидаткиња је вршила процену 
радијативних ефеката аеросола на основу моделираних и мерених оптичких 
карактеристика честица. На основу описаних истраживања кандидаткиња је 2005. године 
одбранила докторску дисертацију на Универзитету Нови Јужни Велс у Сиднеју, у 
Аустралији. Резултати истраживања су приказани у четири рада и на неколико 
међународних конференција: 

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

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



 Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H. 
Jonsson, E. J. Welton, and J. H. Seinfeld, Aerosol properties computed from aircraft-based 
observations during the ACE-Asia campaign: 2. A case study of lidar ratio closure, Aerosol 
Science and Technology, 41, 231-243 (2007). 

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

У оквиру Националног пројекта ИИИ 43007 истраживања Маје Кузманоски су првобитно 
била фокусирана на испитивање загађења земљишта. Кандидаткиња је била ангажована на 
калибрацији енергетски дисперзивног рендгенског спектрометра (EDXRF) за анализу 
садржаја тешких метала у земљишту. Применом EDXRF спектрометрије анализирала је 
садржај тешких метала у узорцима земљишта из паркова у урбаном делу Београда, будући 
да повишена концентрација тешких метала у земљишту може имати штетан ефекат на 
околину, као и на здравље људи. Поред тога, кандидаткиња је вршила поређење релативне 
заступљености појединих тешких метала у земљишту паркова са одговарајућим 
резултатима претходне анализе садржаја тешких метала у ваздуху на истим локацијама. 
Резултати су објављени у једном раду и на неколико конференција.  

 Kuzmanoski, M., M. Todorović, M. Aničić Urošević, and S. Rajšić, Heavy metal content of 
soil in urban parks of Belgrade, Hemijska Industrija 68, 643-651 (2014). 

У оквиру ове теме, Маја Кузманоски је била коментор при изради мастер рада 
„Испитивање загађености тешким металима земљишта паркова урбаног дела Београда 
XRF спектрометријом“ одбрањеног на Хемијском факултету 2013. године.  

Кандидаткиња је такође била ангажована на испитивању загађења ваздуха и процени 
ризика по здравље људи услед хроничне изложености тешким металима у ваздуху. 
Применом US EPA (US Environmental Protection Agency) модела вршила је процену 
изложености људи тешким металима који се налазе у саставу PM10 честица у ваздуху и 
анализу ефеката садржаја тешких метала на здравље људи.  Резултати ових истраживања 
су објављени у: 

 Vuković, G., M. Aničić Urošević, I. Razumenić, M. Kuzmanoski, M. Pergal, S. Škrivanj, 
and A. Popović, Air quality in urban parking garages (PM10, major and trace elements, 
PAHs): Instrumental measurements vs. Active moss biomonitoring, Atmospheric 
Environment, 85, 31-40 (2014). 

 Todorović, M., M. Perišić, M. Kuzmanoski, A. Stojić, A. Šoštarić, Z. Mijić, and S. Rajšić, 
Assessment of PM10 pollution level and required source emission reduction in Belgrade 
area, Journal of Environmental Science and Health, Part A, 50, 1351-1359 (2015). 

У периоду након претходног реизбора у звање, кандидаткиња је започела истраживања 
утицаја сахарског песка, као природног аеросола, на квалитет ваздуха. У оквиру сарадње 



са колегама из Института за нуклеарне науке "Винча", иницирала је кампању мерења 
различитих карактеристика атмосферских аеросола паралелном применом неколико 
уређаја у дворишту Института за физику, у току пролећа 2019. године. За време 
вишедневних епизода сахарског песка и у периоду након сваке епизоде вршена су мерења 
вертикалних профила аеросола лидар системом, затим мерења расподела честица по 
димензијама, као и узорковање PM10 и PM2.5 честица ради анализе њихових масених 
концентрација и елементног састава. Део резултата је до сада објављен у једном научном 
раду. Кандидаткиња је раду допринела анализом података о концентрацијама и 
елементном саставу узоркованих PM10 и PM2.5 честица у току епизода сахарског песка. 
Анализа је вршена са циљем утврђивања скупа елемената, као и односа концентрација 
елемената, који се могу повезати са доприносом песка узоркованим честицама у току 
посматраних епизода. Резултати анализе су затим у раду коришћени при интерпретацији 
резултата биомониторинга квалитета ваздуха помоћу маховина, вршеног паралелно са 
узорковањем PM честица.      

 *Aničić Urošević M., M. Kuzmanoski, T. Milićević, I. Kodranov, K. Vergel, and A. 
Popović, Moss bag sensitivity for the assessment of airborne elements at suburban 
background site during spring/summer season characterized by Saharan dust intrusions, Air 
Quality, Atmosphere & Health (2022)  
https://doi.org/10.1007/s11869-022-01161-8. 

Маја Кузманоски се такође бави истраживањима оптичких карактеристика атмосферских 
аеросола методама даљинске детекције. Учествује у мерењима и анализи података мерења 
лидар системом у Београду, који је део EARLINET мреже, европске мреже ових уређаја. 
Анализом детектованог сигнала добија се информација о висини планетарног граничног 
слоја и вертикалног профила оптичких карактеристика атмосферских аеросола 
(коефицијената екстинкције и расејања под углом 180°). Висина планетарног граничног 
слоја је важан параметар који утиче на ниво загађења ваздуха.    Мерења лидар системом, 
вршена за време делимичног помрачења Сунца у марту 2015. године, коришћена су за 
проучавање динамике планетарног граничног слоја, упоредо са променама других 
параметара: метеоролошки параметри, УВ зрачење, концентрација атмосферских јона и 
озона у приземном слоју. Комбиновањем мерења помоћу лидар система са мерењима 
санфотометром у оквиру EARLINET и AERONET мрежа ових уређаја, може се добити 
информација о вертикалном профилу концентрације аеросола,  као и посебно пустињског 
песка, потребна за верификацију резултата нумеричких модела. Део резултата 
истраживања у којима су примењена мерења лидар системом објављен је у два рада, као и 
на међународним конференцијама. У оквиру ове теме, Маја Кузманоски је коментор при 
изради докторске дисертације Луке Илића, студента докторских студија на Физичком 
факултету Универзитета у Београду. 



 *Ilić, L., A. Jovanović, M. Kuzmanoski, L. Lazić, F. Madonna, M. Rosoldi, M. Mytilinaios, 
E. Marinou, and S. Ničković, Mineralogy sensitive immersion freezing parameterization in 
DREAM, Journal of Geophysical Research Atmospheres, 127, e2021JD035093, 2022. 
http://dx.doi.org/10.1029/2021JD035093. 

 *Ilić L., M. Kuzmanoski, P. Kolarž, A. Nina, V. Srećković, Z. Mijić, J. Bajčetić, and M. 
Andrić, Changes of atmospheric properties over Belgrade, observed using remote sensing 
and in situ methods during the partial solar eclipse of 20 March 2015, Journal of 
Atmospheric and Solar-Terrestrial Physics, 171, 250-259, 2018. 

  
Поред тога, кандидаткиња је вршила анализу података мерења лидар системом у Београду 
у оквиру ACTRIS COVID-19 Near Real-time measurement campaign експерименталне 
кампање, одржане у мају 2020. године са циљем испитивања утицаја рестриктивних мера 
у Европи почетком пандемије COVID-19 на оптичке карактеристике атмосферских 
аеросола. Ово је један од експеримената организованих и да би се показала примена 
мерења у оквиру EARLINET мреже за време ванредних ситуација.  
  
 
4. ЕЛЕМЕНТИ ЗА КВАЛИТАТИВНУ АНАЛИЗУ НАУЧНОГ ДОПРИНОСА 

4.1. Квалитет научних резултата 

4.1.1. Научни ниво и значај резултата, утицај научних радова 

Маја Кузманоски је аутор или коаутор 10 радова у међународним часописима са ISI листе, 
од тога 5 радова у часописима категорије М21, 2 рада у часописима категорије М22 и 3 
рада у часописима категорије М23. У периоду након претходног покретања поступка за 
реизбор у звање, кандидаткиња је објавила 3 рада, од тога 1 рад у часопису категорије 
М21 и 2 рада у часописима категорије М22.  

Најзначајнији рад Маје Кузманоски је: 

Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H. 
Jonsson, E. J. Welton, and J. H. Seinfeld, 
Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign: 
2. A case study of lidar ratio closure,  
Aerosol Science and Technology, 41,  231-243 (2007)  
doi:10.1080/02786820601146977 
(М21, ИФ 2.905, цитиран 4 пута по Scopus бази, без аутоцитата) 

Рад проистиче из докторске дисертације кандидаткиње. У раду је кандидаткиња 
моделирала однос коефицијената екстинкције и расејања под углом 180°, који је важан 
параметар при анализи мерења лидар системом како би се добиле  квантитативне 
информације о аеросолима. У прорачунима су коришћене расподеле аеросола по 



димензијама израчунате на основу даљинских мерења, као и мерене расподеле. Индекс 
преламања је био у складу са хемијским саставом честица, при чему је коришћена 
претпоставка о интерном мешању различитих компоненти. Вршена је анализа поређења 
моделираних вредности са вредностима добијеним на основу комбинованих мерења лидар 
системом и санфотометром. Анализом су обухваћена три типа аеросола различитих 
карактеристика. Показана је осетљивост резултата на ограничен опсег радијуса честица у 
случају расподеле аеросола по димензијама израчунате на основу даљинских мерења, као 
и на претпоставку о начину мешања компоненти честица. Ова анализа доприноси бољем 
разумевању и интерпретацији мерења аеросола помоћу лидар система. Кандидаткиња је 
дала кључни допринос раду моделирањем карактеристика аеросола и поређењем са 
мерењима. Самостално је извршила је прорачуне расподела аеросола по димензијама на 
основу даљинских мерења, моделирала оптичке карактеристике аеросола, испитивала 
осетљивост моделираних карактеристика на различите претпоставке и вршила анализу 
поређења са доступним мерењима. 
 
4.1.2. Позитивна цитираност научних радова кандидаткиње 

Подаци о цитираности радова кандидаткиње на дан 7. марта 2022. године су сумирани у 
табели: 

База података Број цитата 
Број цитата без 

самоцитата 
Хиршов индекс 

Scopus 93 82 3 

Web of Science 76 75 4 

 

Подаци о цитираности са интернет страница Scopus и Web of Science база су дати након 
списка свих радова. 
 
4.1.3. Параметри квалитета часописа 

За процену квалитета часописа у којима су радови кандидаткиње објављени у наставку су 
приказане категорије часописа, њихов импакт фактор (ИФ), као и импакт фактор 
нормализован по импакту цитирајућег чланка (СНИП) (наведена је најбоља вредност из 
периода до две године уназад од године објављивања рада). Подвучени су импакт фактори 
часописа у којима су објављени радови након претходног реизбора у звање.  

У категорији М21 (врхунски међународни часопис) кандидаткиња је објавила радове у 
следећим часописима:  

 1 рад у Journal of Geophysical Research: Atmospheres - ИФ 4.261, СНИП 1.27 

 1 рад у Atmospheric Environment - ИФ 3.281, СНИП 1.67 



 2 рада у Aerosol Science and Technology - ИФ 2.905, СНИП 1.21 (за сваки од радова)  

 1 рад у Applied Optics - ИФ 1.717, СНИП 1.71 

У категорији М22 (истакнути међународни часопис) кандидаткиња је објавила радове у 
следећим часописима: 

 1 рад у Air Quality, Atmosphere and Health - ИФ 3.763, СНИП 1.18 

 1 рад у Journal of Atmospheric and Solar-Terrestrial Physics - ИФ 1.802, СНИП 1.06  

У категорији М23 (међународни часопис) кандидаткиња је објавила радове у следећим 
часописима:  

 1 рад у Journal of Environmental Science and Health, Part A - ИФ 1.276 , СНИП 0.71 

 1 рад у Australian Meteorological Magazine - ИФ 1.209  

 1 рад у Hemijska Industrija - ИФ 0.562, СНИП 0.53 

Укупан ИФ радова кандидаткиње је 23.681, а након претходног реизбора у звање 9.826. 

Додатни библиометријски параметри у вези са објављеним радовима кандидаткиње након 
претходног реизбора у звање сумирани су у следећој табели: 

 ИФ M СНИП 

Укупно 9.826 18 3.51 

Усредњено по чланку 3.275 6 1.17 

Усредњено по аутору 1.326 2.347 0.470 

 

4.1.4. Степен самосталности и степен учешћа у реализацији радова у научним 
центрима у земљи и иностранству 

Маја Кузманоски је водећи аутор на 4 објављена рада, други аутор на 2 рада и трећи аутор 
на 2 рада. Кандидаткиња је значајно допринела конципирању и писању ових радова.  

У радовима из области оптичких карактеристика аеросола, који су резултат њене 
докторске дисертације, кандидаткиња је дала кључни допринос осмишљавањем теме рада, 
моделирањем карактеристика аеросола, анализом поређења са мерењима, као и самим 
писањем радова.  

Међу радовима објављеним након претходног реизбора у звање, у два експериментална 
рада кандидаткиња је дала допринос анализи података мерења и интерпретацији 
резултата, док је у раду који је резултат нумеричког моделирања и експерименталног рада 
кандидаткиња дала допринос анализи поређења резултата модела и мерења. 

 



4.2. Ангажованост у формирању научних кадрова 

Маја Кузманоски је 2013. године била коментор при изради мастер тезе Тијане 
Љубеновић, студенткиње мастер студија на Хемијском факултету Универзитета у 
Београду. 

Прилог: насловна страна и захвалница мастер тезе Тијане Љубеновић 

Кандидаткиња је коментор при изради докторске дисертације Луке Илића, студента 
докторских студија на Физичком факултету Универзитета у Београду. 

Прилог: записник са седнице ННВ Физичког факултета Универзитета у Београду 
 
4.3. Нормирање броја коауторских радова, патената и техничких решења  

Међу радовима објављеним након претходног реизбора у звање, у једном раду категорије 
М21 (под редним бројем 1 на списку публикација у овој категорији) и четири саопштења 
на конференцијама (категорија М34, под редним бројем 2, 4, 5 и 8 на списку публикација у 
овој категорији) су комбинована експериментална истраживања са нумеричким 
моделирањем. Остали радови и саопштења на конференцијама засновани су у потпуности 
на експерименталном раду. Сви радови се рачунају са пуном тежином у односу на 7 
коаутора. 

Одговарајуће нормирање на основу броја коаутора зе извршено за 1 рад категорије М21 (9 
аутора) и један рад категорије М22 (8 аутора).  
 
4.4. Учешће у пројектима, потпројектима и пројектним задацима 

Кандидаткиња је учествовала на националном пројекту ИИИ 43007 “Истраживање 
климатских промена и њиховог утицаја на животну средину-праћење утицаја, адаптација 
и ублажавање”, финансираном од стране Министарства просвете, науке и технолошког 
развоја Републике Србије, као и на три међународна пројекта: 

 2014-2015: ACTRIS (Aerosols, Clouds, and Trace gases Research InfraStructure 
Network) у оквиру EU FP7 програма (No 262254)  

 2015-2019: ACTRIS-2 (Aerosols, Clouds, and Trace gases Research InfraStructure 
Network Integrated Activities) у оквиру EU Н2020 програма (No 654109) 

 2016-2018: GEO-CRADLE (Coordinating and integRating state-of-the-art Earth 
Observation Activities in the regions of North Africa, Middle East, and Balkans and 
Developing Links with GEO related initiatives towards GEOSS) у оквиру EU Н2020 
програма (No 690133) 



Прилог: копија дела уговора пројекта GEO-CRADLE са списком учесника; потврде 
руководиоца тима Института за физику у Београду у оквиру пројеката ACTRIS и 
ACTRIS-2 о учешћу кандидаткиње у овим пројектима 

Кандидаткиња је тренутно учесник и члан координационог одбора (Мanagement 
Сommittee) COST акције PROBE (PROfiling the atmospheric Boundary layer at European 
scale) која је у току (2019-2023). 

Прилог: копија интернет странице COST акције PROBE 
 
4.5. Активност у научним и научно-стручним друштвима 

4.5.1. Рецензије научних радова     

Маја Кузманоски је била рецензент једног рада у Journal of Geophysical Research: 
Atmospheres (2010. године) и два рада у Atmospheric Pollution Research (2016. и 2020. 
године). 

Прилог: потврде уредника часописа 
 
4.5.2. Организација научних скупова    

Кандидаткиња је била члан Организационог одбора међународне конференције 18th 
International Conference on Photoacoustic and Photothermal Phenomena (ICPP18), одржане 
од 6. до 10. септембра 2015. године у Новом Саду. 

Прилог: извод књиге апстраката са наведеним саставом научног организационог одбора 
 
4.6. Утицајност научних резултата 

Утицајност научних резултата кандидата је наведена у одељцима 3 и 4.1 овог документа. 
Пун списак радова је дат у одељку 6, а подаци о цитираности са интернет страница база 
Scopus и Web of Science су дати након списка свих радова кандидаткиње. 
 
4.7 Конкретан допринос кандидата у реализацији радова у научним центрима у 
земљи и иностранству 

Од три рада објављена након претходног реизбора у звање, један је урађен у сарадњи са 
колегама из иностранства (Грчка и Италија), а два су урађена у сарадњи са колегама из 
земље. Маја Кузманоски је имала кључни допринос у сва три рада. Кандидаткиња је 
допринела одабиру методологије и интерпретацији резултата, као и конципирању и 
писању ових публикација. У раду категорије М21 о улози песка у формирању облачног 
леда, који је резултат нумеричког моделирања и експерименталног рада, кандидаткиња 



дала допринос анализи поређења резултата модела и мерења. У два рада категорије М22 
кандидаткиња је дала допринос експерименталном раду и анализи података мерења.  
 
4.8. Међународна сарадња 

Кандидаткиња учествује у међународној сарадњи у оквиру EARLINET (European Aerosol 
Research Lidar Network) мреже лидар станица. У оквиру те сарадње учествовала је у 
експерименталној кампањи ACTRIS COVID-19 NRT lidar measurement campaign. 

Прилог: копија интернет странице EARLINET мреже; извод извештаја са првим 
резултатима експерименталне кампање 
 

5. ЕЛЕМЕНТИ ЗА КВАНТИТАТИВНУ ОЦЕНУ НАУЧНОГ ДОПРИНОСА 
КАНДИДАТКИЊЕ 

Остварени М-бодови кандидаткиње у периоду након претходног реизбора у звање: 
 

Категорија 
М бодова по 

раду 
Број радова 

Укупно М 
бодова 

Нормирани број 
М бодова 

M21 8 1 8 5.714 

M22 5 2 10 9.167 

M33 1 3 3 3 

M34 0.5 9 4.5 4.5 

 
 
 
Поређење оствареног броја М-бодова са минималним условима потребним за 
реизбор у звање научни сарадник: 
 

Минимални број М бодова Неопходно Остварено 
Остварено, 
нормирано 

Укупно 16 25.5 22.381 

М10+М20+М31+М32+М33+М41+М42 10 21 17.881 

М11+М12+М21+М22+М23 6 18 14.881 

 
 
 
 



6. СПИСАК ПУБЛИКАЦИЈА ПО КАТЕГОРИЈАМА 
 
МОНОГРАФИЈЕ, МОНОГРАФСКЕ СТУДИЈЕ, ТЕМАТСКИ ЗБОРНИЦИ, 
ЛЕСКИКОГРАФСКЕ И КАРТОГРАФСКЕ ПУБЛИКАЦИЈЕ  
МЕЂУНАРОДНОГ ЗНАЧАЈА (М10) 
 

Поглавље у истакнутој монографији међународног значаја (М13) 

Радови објављени пре претходног реизбора у звање 

1. Tomašević, M., Z. Mijić, M. Aničić, A. Stojić, M. Perišić, M. Kuzmanoski, M. Todorović, 
and S. Rajšić,  
Air Quality Study in Belgrade: Particulate Matter and Volatile Organic Compounds as Threats to 
Human Health, In: Air Pollution: Sources, Prevention and Health Effects, Editor: Rajat Sethi,  
Nova Science Publishers, NY, USA, p. 315-346 (2013).  
ISBN: 978-1-62417-735-4 
https://www.novapublishers.com/catalog/product_info.php?products_id=38962&osCsid=cc956b
5e1008d06c56c891f47982d91c 
 
РАДОВИ ОБЈАВЉЕНИ У НАУЧНИМ ЧАСОПИСИМА  
МЕЂУНАРОДНОГ ЗНАЧАЈА (М20) 
 

Рад у врхунском међународном часопису (М21) 

Радови објављени након претходног реизбора у звање 

1. Ilić, L., A. Jovanović, M. Kuzmanoski, L. Lazić, F. Madonna, M. Rosoldi, M. Mytilinaios, E. 
Marinou, and S. Ničković,  
Mineralogy sensitive immersion freezing parameterization in DREAM,  
Journal of Geophysical Research:Atmospheres, 127, e2021JD035093 (2022). 
http://dx.doi.org/10.1029/2021JD035093.  
(IF 4.261, Mnorm=5.714) 
 

Радови објављени пре претходног реизбора у звање 

1. Vuković, G., M. Aničić Urošević, I. Razumenić, M. Kuzmanoski, M. Pergal, S. Škrivanj, and 
A. Popović,  
Air quality in urban parking garages (PM10, major and trace elements, PAHs): Instrumental 
measurements vs. Active moss biomonitoring,  
Atmospheric Environment, 85, 31-40 (2014). http://dx.doi.org/10.1016/j.atmosenv.2013.11.053.  
(IF 3.281) 

2. Kuzmanoski, M., M. A. Box, B. Schmid, P. B. Russell, and J. Redemann,  
Case study of modeled aerosol optical properties during the SAFARI 2000 campaign,  
Applied Optics, 46, 5263-5275 (2007). 
doi: 10.1364/AO.46.005263  
(IF 1.717) 



3. Kuzmanoski, M., M. A. Box, G. P. Box, B. Schmid, J. Wang, P. B. Russell, H. H. Jonsson, 
and J. H. Seinfeld,  
Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign: 
1. Aerosol size distributions retrieved from optical thickness measurements,  
Aerosol Science and Technology, 41, 202-216 (2007).  
doi:10.1080/02786820601126789 
(IF 2.905) 

4. Kuzmanoski, M., M. A. Box, B. Schmid, G. P. Box, J. Wang, P. B. Russell, D. Bates, H. H. 
Jonsson, E. J. Welton, and J. H. Seinfeld,  
Aerosol properties computed from aircraft-based observations during the ACE-Asia campaign: 
2. A case study of lidar ratio closure,  
Aerosol Science and Technology, 41, 231-243 (2007).  
doi:10.1080/02786820601146977  
(IF 2.905) 

 

Рад у истакнутом међународном часопису (М22) 

Радови објављени након претходног реизбора у звање 

1. Aničić Urošević M., M. Kuzmanoski, T. Milićević, I. Kodranov, K. Vergel, and A. Popović,  
Moss bag sensitivity for the assessment of airborne elements at suburban background site during 
spring/summer season characterized by Saharan dust intrusions,  
Air Quality, Atmosphere and Health (2022).  
https://doi.org/10.1007/s11869-022-01161-8.  
(IF 3.763, M=5) 

2. Ilić L., M. Kuzmanoski, P. Kolarž, A. Nina, V. Srećković, Z. Mijić, J. Bajčetić, and M. 
Andrić,  
Changes of atmospheric properties over Belgrade, observed using remote sensing and in situ 
methods during the partial solar eclipse of 20 March 2015, 
 Journal of Atmospheric and Solar-Terrestrial Physics, 171, 250-259 (2018).  
doi: 10.1016/j.jastp.2017.10.001  
(IF 1.790, Mnorm=4.167)    

 

Рад у међународном часопису (М23) 

Радови објављени пре претходног реизбора у звање 

1. Todorović, M., M. Perišić, M. Kuzmanoski, A. Stojić, A. Šoštarić, Z. Mijić, and S. Rajšić, 
Assessment of PM10 pollution level and required source emission reduction in Belgrade area, 
Journal of Environmental Science and Health, Part A, 50, 1351-1359 (2015). 
doi:10.1080/10934529.2015.1059110  
(IF 1.276) 

 

 



2. Kuzmanoski, M., M. Todorović, M. Aničić Urošević, and S. Rajšić,  
Heavy metal content of soil in urban parks of Belgrade,  
Hemijska Industrija 68, 643-651 (2014).  
doi: 10.2298/HEMIND131105001K 
(IF 0.562) 

3. Box, M. A., G. P. Box, M. J. Kay, M. Kuzmanoski, G. Taha, and D. Cohen,  
Physical, chemical and radiative properties of aerosols in Sydney, Australia,  
Australian Meteorological Magazine, 51, 223-228 (2002).  
(IF 1.209) 

 
ЗБОРНИЦИ МЕЂУНАРОДНИХ НАУЧНИХ СКУПОВА (М30) 
 

Саопштење са међународног скупа штампано у целини (M33) 

Радови објављени након претходног реизбора у звање 

1. Kuzmanoski M., L. Ilić, M. Todorović, and Z. Mijić,  
A study of a dust intrusion event over Belgrade, Serbia,  
Proceedings of the 6th WeBIOPATR Workshop and Conference, September 6-8, 2017, 
Belgrade, Serbia, p. 103-108 (2019). 

2. Mijić, Z., L. Ilić, M. Kuzmanoski,  
Raman lidar for atmospheric aerosol profiling in Serbia,  
Proceedings of the 49th International October Conference on Mining and Metallurgy, Bor, 
October 18-21, 2017, Bor, Serbia, p. 65 - 68. 

3. Mijić Z., М. Perišić, L. Ilić, А. Stojić, М. Kuzmanoski,  
Air mass transport over Balkan region identified by atmospheric modeling and aerosol lidar 
technique,  
Proceedings of the 49th International October Conference on Mining and Metallurgy, October 18 
- 21, 2017, Bor, Serbia, p. 69 - 72. 

Радови објављени пре претходног реизбора у звање 

1. Kuzmanoski M., L. Ilić, and Z. Mijić,  
Aerosol remote sensing study of a Saharan dust intrusion episode in Belgrade, Serbia, 
Proceedings of the XIX International Eco-Conference 2015, September 23-25, 2015, Novi Sad, 
Serbia, p. 73-80. 

2. Mijić Z., M. Perišić, A. Stojić, M. Kuzmanoski, and L. Ilić,  
Estimation of atmospheric aerosol transport by ground-based remote sensing and modeling, 
Proceedings of the XIX International Eco-Conference 2015, September 23-25, 2015, Novi Sad, 
Serbia, p. 375-382. 

3. Todorović, M., M. Kuzmanoski, and T. Ljubenović,  
Horizontal distribution of heavy metal concentrations in urban park soil,  
Physical Chemistry 2014: Proceedings of the 12th International Conference on Fundamental and 
Applied Aspects of Physical Chemistry, September 22-26, 2014, Belgrade, Serbia, p. 921-924. 



4. Mijić, Z., M. Kuzmanoski, D. Nicolae, and L. Belegante,  
The use of hybrid receptor models and ground-based remote sensing of particulate matter for 
identification of potential source regions,  
Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade, 
Serbia, p. 52-59. 

5. Todorović, M., M. Perišić, M. Kuzmanoski, and A. Šoštarić,  
Health risk assessment of trace metals associated with PM10 in Belgrade district,  
Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade, 
Serbia, p. 205-208. 

6. Vuković, G., M. Aničić Urošević, M. Kuzmanoski, M. Tomašević, M. Pergal, S. Škrivanj, 
and A. Popović, 
Health risk assessment of pollutants (PAHs and heavy metals) associated with PM10 in urban 
parking garages,  
Proceedings of the 4th WeBIOPATR Workshop and Conference, October 2-4, 2013, Belgrade, 
Serbia, p. 171-175. 

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

8. Box, G. P., G. Taha, and M. Kuzmanoski,  
Long-term atmospheric monitoring in Sydney using an MFRSR,  
Proc. IEEE International Geoscience and Remote Sensing Symposium (IGARSS'01), 1, p. 81-83, 
2001. 
 

Саопштење са међународног скупа штампано у изводу (M34) 

Радови објављени након претходног реизбора у звање 

1. Milićević T., D. Mutavdžić, M. Aničić Urošević, M. Kuzmanoski, I. Kodranov, A. Popović, 
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1.  Introduction
Interaction between aerosols and clouds is one of major sources of uncertainty in climate modeling and numeri-
cal weather prediction (Boucher et al., 2013). Particles in the atmosphere have a large influence on the physical 
properties of clouds and their interaction with radiation, latent heat release, precipitation and cloud electrification 

Abstract  Dust aerosols are abundant in the atmosphere and are very efficient ice nucleating particles at 
temperatures below −15°C. Depending on temperature, dust particles containing certain minerals (i.e., feldspar 
and quartz) are the most active as ice nuclei. A mineralogy-sensitive immersion freezing parameterization 
for ice nucleating particle concentration (INPC) is implemented in Dust Regional Atmospheric Model 
(DREAM) for the first time. Additionally, four mineralogy-indifferent parameterizations are implemented, 
two for immersion freezing and two for deposition nucleation. Dust concentration and its feldspar and quartz 
fractions are forecasted by DREAM for a dust episode in the Mediterranean in April 2016. DREAM results 
are compared with vertical profiles of cloud-relevant dust concentrations and INPC from ground-based lidar 
measurements in Potenza, Italy and Nicosia, Cyprus. INPC predictions are also compared with vertical profiles 
of ice crystal number concentration (ICNC) from satellite observations for two overpasses over the dust plume. 
The model successfully simulates the evolution and vertical extent of the dust plume. Mineralogy-sensitive 
and mineralogy-indifferent INPC parameterization results generally differ by about an order of magnitude. 
Forecasted INPC and observed ICNC values differ by an order of magnitude for all parameterizations. 
Feldspar fraction increase within a dust plume during transport can increase INPC by around 6% at −35°C, 
and up to 17% at −25°C, but sedimentation can reduce this effect. Over the Atlantic, mineralogy-sensitive 
parameterization predicts horizontal distribution of clouds with higher probability of success, while in the 
Mediterranean; the results for different parameterizations show lower variability.

Plain Language Summary  Supercooled water droplets in clouds can freeze at temperatures around 
−37°C. Dust particles immersed in water droplets can enhance formation of ice crystals at higher temperatures. 
The efficiency of dust particles in ice initiation has been attributed to the presence of ice-active minerals, 
such as feldspar and quartz. In this work, we use a computer model (DREAM) to calculate how mineral dust 
particles from Sahara and Middle East are lifted and transported by the atmospheric flow. The model, includes 
equations that predict ice initiation depending on dust concentration and mineral composition, temperature and 
humidity. Atmospheric remote sensing observations from lidar and radar ground-based and satellite platforms 
provide information about vertical structures of dust plumes, their horizontal extent, and estimations of the 
dust particle and ice crystal concentrations in the atmosphere. We simulate a dust plume development in 
Mediterranean in April 2016 and compare results with data from lidar stations (in Potenza, Italy and Nicosia, 
Cyprus) and from satellites. DREAM successfully predicts horizontal and vertical extent of the dust plume 
and provides good estimations of ice initiation. Feldspar, the most efficient mineral in ice initiation, is mostly 
present in larger particles and can be more easily deposited during atmospheric transport.
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Key Points:
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affects ice initiation by around 6% at 
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(Kanji et al., 2017; Lohmann & Feichter, 2005). Aerosols, interacting with clouds, serve as cloud condensation 
nuclei (CCN) or ice nucleating particles (INP). Homogeneous freezing of supercooled liquid droplets in the 
atmosphere becomes increasingly important with decreasing temperature, while the droplets can be supercooled 
to temperatures below about −37°C (Herbert et  al.,  2015; Ickes et  al.,  2015). These temperature conditions 
and high ice saturation ratios are usually reached only in the upper troposphere. In higher temperatures, clouds 
typically glaciate at lower supercooling by heterogeneous nucleation on INPs (Hoose & Möhler, 2012; Murray 
et al., 2012; Pruppacher & Klett, 1997; Vali et al., 2015). Heterogeneous ice nucleation can take place directly on 
the aerosol surface by deposition of water vapor molecules through the deposition nucleation process. Near the 
water saturation level, water can condense in particle pores and freeze at low temperatures by the pore conden-
sation and freezing mechanism (Marcolli, 2014; Wagner et al., 2016). Above the water saturation, supercooled 
droplets are formed and can freeze by an aerosol particle immersed in the droplet by the immersion freezing 
(Madonna et al., 2009). A particle colliding with the droplet can induce contact nucleation (Vali et al., 2015). 
Finally, particles can act as CCN and INP, at almost the same time and at the same temperature which is named 
condensation freezing.

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

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

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

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

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

2.  Methodology
2.1.  Modeling

2.1.1.  Dust Regional Atmospheric Model (DREAM)

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

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

2.1.2.  Ice Nucleating Particle Concentration Parameterizations

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

In this study, we use the mineralogy-sensitive parameterization by Harrison et  al.  (2019) (H19i) to address 
immersion freezing and the mineralogy-indifferent deposition nucleation parameterization (Ullrich et al., 2017) 
(U17d). This setup is addressed as H19i_U17d herein. H19i quantifies INPC for feldspar and quartz minerals. 
In order to quantify the importance of feldspar and quartz as INPs, the mineralogy-sensitive immersion freezing 
parameterization is used under the assumption of external mixing of particles consisting of different minerals. 
The concentration of each mineral fraction forecasted by DREAM directly influences the number of particles 
available for ice initiation in each size bin (Atkinson et al., 2013). Using dust, feldspar and quartz concentrations, 
total INPC can be calculated as a sum for all size bins. Harrison et al. (2019) proposed a nucleation site density 
parameterization for quartz, K-feldspar, plagioclase and albite. They found that their parameterization for K-feld-
spar is a better representati of INPC related to dust than those by Niemand et al. (2012) and Atkinson et al. (2013). 
In this study we apply the INPC parameterizations for the K-feldspar, plagioclase and albite fractions separately 
(Harrison et al., 2019). INPC contribution of feldspar is then calculated as the sum of the INPC contributions 
from the three types of feldspar represented in the parameterizations. The GMINER30 database used in this work 
provides information about feldspar fraction at dust productive areas. It does not include the detailed information 
about fractions of K-feldspar, plagioclase and albite in dust sources. We assume that based on compiled measure-
ment data (Atkinson et al., 2013), K-feldspar accounts for 35% of total feldspar, with 65% being plagioclase. We 
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consider albite to be a part of plagioclase as it is often done when discussing atmospheric mineral dust content 
(Harrison et al., 2019). Following the parameterization by Harrison et al. (2019), we consider albite to be 10% 
of plagioclase. Having in mind these feldspar components, and the fact that GMINER30 does not differentiate 
between them, in the further text, we refer to them as feldspar. Harrison et al. (2019) parameterizations for quartz 
and feldspar minerals with valid temperature ranges and standard deviations for log (ns(T)) (ns is in units of cm −2) 
given in brackets, are the following:

Quartz: (−10.5 °C to −37.5 °C; σ=0.8);

log (𝑛𝑛𝑠𝑠(𝑇𝑇 )) = −1.709 +
(

2.66 × 10−4𝑇𝑇 3
)

+
(

1.75 × 10−2𝑇𝑇 2
)

+
(

7 × 10−2𝑇𝑇
)

� (1)

K−feldspar: (−3.5 °C to −37.5 °C; σ=0.8)

log (��(� )) = −3.25 + (−0.793� ) +
(

−6.91 × 10−2� 2) +
(

−4.17 × 10−3� 3)

+
(

−1.05 × 10−4� 4) (−9.08 × 10−7� 5)� (2)

plagioclase feldspar: (−12.5 °C to −38.5 °C; σ=0.5);

log (𝑛𝑛𝑠𝑠(𝑇𝑇 )) =
(

−3.24 × 10−5𝑇𝑇 4
)

+
(

−3.17 × 10−3𝑇𝑇 3
)

+
(

−0.106𝑇𝑇 2
)

+ (−1.71𝑇𝑇 ) − 12.00� (3)

Albite: (−6.5 °C to −35.5 °C; σ=0.7);

log (𝑛𝑛𝑠𝑠(𝑇𝑇 )) =
(

3.41 × 10−4𝑇𝑇 3
)

+
(

1.89 × 10−2𝑇𝑇 2
)

+
(

−1.79 × 10−2𝑇𝑇
)

− 2.29� (4)

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

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

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

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

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

In order to evaluate the expected contribution of feldspar and quartz to INPC in the model, as a result of miner-
alogy-sensitive model setup, we analyze their fractions in the source masks of the model domain (Figure S2 in 
the Supporting Information S1). The mean fractions and standard deviations for feldspar and quartz fractions 
in clay and silt, based on dust source grid points in the model domain, are shown in Table S1 in the Supporting 
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Information  S1. The mass size distribution at the sources is assumed to be monomodal lognormal (Pérez 
et al., 2006; Zender et al., 2003), as used in DREAM. The INPC fraction has been calculated based on H19i for 
quartz fraction (H19iQ) and feldspar fraction (H19iF). Additionally, H19iF is calculated for the case in which 
there is no feldspar in the clay fraction. When analyzing quartz contribution, it should be noted that the H19iQ 
parameterization should be considered as an upper limit in quartz contribution to INPC: it is valid for freshly 
milled quartz while the active sites on quartz are removed upon exposure to air and water (Harrison et al., 2019; 
Zolles et al., 2015). In this analysis, feldspar is the dominant INP source, with the highest fraction of feldspar 
INPs at around −25°C as expected due to K-feldspar activity. At higher temperatures quartz contributes to about 
7% of INPC. At temperatures above −10.5°C, parameterization for quartz is not defined. At temperatures below 
−25°C, quartz contribution becomes increasingly important with decrease of temperature. This contribution is 
up to 30% at −35°C when feldspar is present in clay particles, and increases to 51% under the assumption of no 
feldspar in clay particles. These results agree with findings of Boose et al. (2016). They show that at temperatures 
between the homogeneous freezing limit and −33°C quartz can be a significant contributor to INPC.

2.2.  Observations

2.2.1.  Aerosol Observations and Retrievals

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

The profiles of concentrations of dust particles with radii >250  nm (n250) and dust dry particle surface area 
concentrations (Sd) are calculated from the aerosol extinction coefficient profiles using the POLIPHON algo-
rithm and AERONET-based parameterizations. POLIPHON algorithm can be applied to lidar profiles from 
both ground based and spaceborne instruments and, using the particle depolarization ratio signature of dust, 
is able to separate the contribution of mineral dust from the total aerosol load. In the first step, the algorithm 

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

H19i Harrison et al. (2019) Immersion K-feldspar Sd, T plagioclase Sd,  
Talbite Sd, Tquartz Sd, T

−37.5 to −3.5−38.5 
to −12.5−35.6 to 

−6.5−37.5 to −10.5

D15i DeMott et al. (2015) Immersion Dust n250, T −36.0 to −5.0

S15d Steinke et al. (2015) Deposition Dust Sd, T −55.0 to −36.0

U17i Ullrich et al. (2017) Immersion Dust Sd, T −30.0 to −14.0

U17d Ullrich et al. (2017) Deposition Dust Sd, T −67.0 to −33.0

Table 1 
Ice Nucleating Particle Concentrations Parameterizations Used in This Study, With References, List of Input Parameters, Temperature Ranges in Which the 
Parameterizations are Used
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uses the profiles of thelinear particle depolarization ratio to separate dust and non-dust backscatter profiles 
by means of physical thresholds of dust and non-dust particles (0.31 ± 0.04 for dust and 0.05 ± 0.03 for the 
non-dust component; Ansmann et al., 2011; Baars et al., 2016; Freudenthaler et al., 2009; Groß et al., 2011; Groß 
et al., 2013; Haarig et al., 2017; Müller et al., 2007; Veselovskii et al., 2016) according to the dust separation 
method described (among others) by Tesche et al. (2009) and Groß et al. (2011). Then, the vertical profiles of 
dust backscattering coefficient is converted to dust extinction coefficient assuming appropriate values of dust 
lidar ratio (45 ± 10 sr for Saharan dust at 532 nm; Müller et al., 2007; Nisantzi et al., 2015; Tesche et al., 2011; 
Veselovskii et al., 2016). The parameters used for the conversion of particle extinction coefficients into cloud-rel-
evant dust number, surface area and volume concentrations are based on AERONET measurements and described 
by Ansmann, Mamouri, Bühl, et al. (2019), Ansmann, Mamouri, Hofer, et al. (2019). POLIPHON algorithm is 
applied to the lidar profiles from Potenza and Nicosia taking into consideration the conversion factors for North 
African and Cyprus AERONET sites, respectively. Uncertainties in the SCC retrieved products, as well as in dust 
and non-dust linear depolarization ratio, dust lidar ratio and conversion factors have been propagated through 
all the steps of the POLIPHON algorithm. The uncertainties in the products are as follows: the dust extinction 
coefficients can be obtained with uncertainty of the order of 20%–40%, while the uncertainty in the microphys-
ical parameters is of the order of 20%–50% for the dust component (Marinou et al., 2019). To provide INPC 
estimations, meteorological parameters (i.e., temperature and humidity) are also required as input. For the lidar 
retrievals, these parameters are used from the operational systems GDAS (Global Data Assimilation System) 
of the National Weather Service's National Centers for Environmental Prediction (NCEP) Ansmann, Mamouri, 
Hofer, et al., 2019; Marinou et al., 2019).

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

2.2.2.  Cloud Radar Observations and Cloudnet Retrievals

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

2.2.3.  Satellite Products and the DARDAR Retrieval

The DARDAR retrieval uses collocated CloudSat, CALIPSO, and MODIS measurements to provide an ice cloud 
retrieval product (Delanoë et al., 2014) on a 60 m vertical and 1.1 km horizontal resolution. DARDAR ice crystal 
concentration product (DARDAR-Nice) offers satellite retrievals of ice crystal concentration profiles obtained 
from combined lidar-radar measurements (Delanoë & Hogan, 2010). This product is limited to ice clouds with 
an IWC larger than 10 −8 kg m −3. Particle size distribution is integrated from 3 minimum size thresholds corre-
sponding to particles larger than 5, 25 and 100 μm. Retrievals obtained within mixed-phase clouds are flagged 
and have larger uncertainties. DARDAR-Nice has been evaluated against theoretical considerations and a large 

https://acp.copernicus.org/articles/19/11315/2019/
https://cloudnet.fmi.fi
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amount of in situ measurements and its estimates are expected to have uncertainties from 25% up to 50% (Sour-
deval et al., 2018). Concerning the overestimation of ICNC in cloud parcels warmer than about −30°C, due to the 
assumption of a monomodal gamma particle size distribution (PSD) shape in the current method, can increase 
the uncertainties by an additional 50%. Following the results of Marinou et al. (2019), which show that DARD-
AR-Nice falls between D15i and U17i INPC estimations derived from POLIPHON results, we compare the 
DREAM INPC predictions with DARDAR ICNC products in mixed-phase clouds. To examine how the model 
predicts the horizontal distribution of cold clouds, the ice water path (IWP) from the CLAAS-2 data set was used 
(Nickovic et al., 2016). A comprehensive evaluation of CLAAS-2 results is presented in Benas et al.  (2017). 
Cloud properties are retrieved from the SEVIRI (Spinning Enhanced Visible and InfraRed Imager) instrument 
onboard METEOSAT second generation (MSG). SEVIRI data are available with 15 min temporal and ∼4 km 
spatial resolution (Stengel et al., 2014). In order to ensure the homogeneity of the data set, the solar SEVIRI 
channels of MSG-1, MSG-2 and MSG-3 were inter-calibrated (Meirink et al., 2013) with MODIS Aqua before 
applying the cloud retrievals.

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

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

Figure 1.  Dust Regional Atmospheric Model simulated dust load (shaded contours) and A-Train constellation track (black and red line) for 20 April at 12UTC during 
overpass A (a) and 21 April at 12UTC during overpass B (b). Red part of the satellite track indicates the cross section used in the comparisons with DARDAR products.
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3.1.  Comparison With POLIPHON Concentrations

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

Figure 2.  CALIPSO aerosol subtype and cloud presence products (a and c) and Dust Regional Atmospheric Model vertical cross section of dust concentrations (b and 
d) with isotherms (dashed red lines), along the satellite path during overpass A on 20 April and during overpass B on 21 April.
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with near spherical particles and continental/pollution particles. They consider that the two techniques can be 
used interchangeably and systematically with numerical models. Marinou et  al.  (2019) reported that DeMott 
et al. (2015) and Ullrich et al. (2017) parameterizations applied to POLIPHON retrievals agree within the uncer-
tainty range in the immersion range and within one order of magnitude for deposition range, with the results 
derived from UAV measurements. Based on these findings we compare DREAM and POLIPHON cloud-relevant 
dust concentrations and INPC. The results are discussed for each case in the next section.

3.1.1.  Potenza, April 18

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

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

Figure 3.  POLIPHON and Dust Regional Atmospheric Model profiles of dust n250 number concentration (a). F and 
Q indicate feldspar and quartz concentrations. Ice nucleating particle concentration for the three model setups and two 
immersion parameterizations used with POLIPHON data (b), for 18 April 2016 at 15UTC above Potenza station.
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accounting for 21% of total dust mass concentration and declines to about 16% near the surface. Quartz, which 
is less efficient than feldspar as an INP source, takes up a larger fraction of dust at lower heights. Potenza lidar 
provides retrievals up to 6 km height, and is used only in estimation of immersion mode INPC at temperatures 
higher than −25°C, at altitudes around maximum dust concentration. Overestimation of dust concentrations 
by DREAM compared to POLIPHON is around 100% (Table  2) and produces corresponding differences of 
one order of magnitude for INPC values predicted by D15i (setup D15i_S15d) and two orders of magnitude in 
INPC values for U17i (setup U17i_U17d). It should be noted that it has been shown that day-to-day variability 
of fine-mode dust mixing ratio is associated with ice occurrence frequency in clouds of 5%–10% (Villanueva 
et al., 2020). Additionally, difference in freezing efficiency of dust on Northern and Southern hemispheres was 
attributed to different mineral content of dust and specifically feldspar at −15°C.

Figure 4 shows the DREAM INPC (H19i_U17d) prediction (B) collocated with the Cloudnet IWC products in 
Potenza (A) for the period of 16–22 April. This is a qualitative analysis exploring DREAM INPC as an indicator 
of presence of dust in appropriate atmospheric conditions for cloud development. The presence of dust-laden air 
masses was found to berelated to cloud development above the Potenza station during the measurement period. 
During this period, two Saharan dust plumes reached Potenza. Due to westerly flow, the first one reached the 

Figure 4.  Ice water content retrieved in Potenza using the Cloudnet retrieval scheme coarsegrained to model resolution (a) 
and DREAM H19i_U17d INPC (b) from 16–22 April. Green contour line represents 1 μg/m 3 dust mass concentration.
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Mediterranean on 14 April and was above Potenza on 16 April, with INPC production (according to the DREAM 
model) coinciding with observed clouds above 6 km. The dust plume was transported northward on 17 April, 
reducing the dust concentrations. Cirrus cloud development on 17 April was not indicated by INPC predicted by 
the model. On 18 April, the observed clouds and the predicted INPC are vertically co-located. On 19–20 April, 
advection of a drier air mass from northwest, with no dust present, was predicted by the model. Thus dust-re-
lated INPC were not predicted in that period. On 21–22 April, another dust plume reached Potenza, influencing 
pre-frontal cloud development.

3.1.2.  Nicosia, April 21

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

Figure 5.  POLIPHON and Dust Regional Atmospheric Model profiles of dust n250 number concentration (a). F and 
Q indicate feldspar and quartz concentrations. Ice nucleating particle concentration for the three model setups and two 
immersion parameterizations used with POLIPHON data (b), on 21 April at 3 UTC (Ni1) and on 21 April at 15 UTC (Ni2) at 
Nicosia.
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Supporting Information S1). In Figure 5, the DREAM model is compared with the Nicosia observations on 21 
April. For the 3UTC profiles (Ni1), dust layer CoM from DREAM is higher than from POLIPHON (Table 2), as 
the model did not predict the dust layer at 2.5 km height. DREAM dust CoM showed variability of 3%. For the 
15UTC profiles (Ni2), CoM is correctly positioned in the model but with larger variability of 11%. Correlation 
coefficients reveal that the main vertical structure of the dust plume was well represented by the model in both 
cases. Due to lower DREAM vertical resolution, in comparison with POLIPHON, some features of the dust layers 
might not be resolved by the model because of the complex vertical structure of the observed aerosol and the 
coarser horizontal and vertical resolution of the model. DREAM peak concentrations show variability of 65% 
and 90% for Ni1 and Ni2, respectively. The model underestimated both peak concentrations and the concentra-
tions of the layer below 3 km for Ni1 and between 2.5 and 4.5 km for Ni2. Nevertheless, for the rest of the alti-
tudes DREAM simulated column mass concentrations are within the uncertainties of the POLIPHON retrievals. 
Considering that the model data are representative for the model gridbox of 0.1 × 0.1, while the POLIPHON 
profiles are representative for the atmospheric column directly above the measurement point, this is a very good 
agreement. We need to point here that only the dust concentrations at altitudes above 4 km contributed to the 
INPC concentrations in this case, as temperatures at lower heights are above 0°C. A systematic model perfor-
mance study from Binietoglou et al. (2015) indicated that four evaluated dust models (including the DREAM 
model used in this study) simulate systematically lower total amount of dust relative to the LIRIC profiles. In that 
study, it was suggested that this could be caused by insufficient dust source strength, overestimated deposition 
and wet scavenging parameters, or a combination of these effects. Data set used in the study was not sufficient 

to discriminate between these factors. The mass concentration from the four 
models showed significant correlation with the measured one. Additionally, 
it was concluded that DREAM predicted sufficiently well the concentration 
values. Better performance of DREAM could be attributed to the assimi-
lation scheme used in that study only by that model. In both Nicosia cases 
we see similar agreement in the three INPC setups at temperatures below 
−20°C, with differences of up to an order of magnitude. H19i_U17d INPC 
falls between D15i_S15d and U17i_U17d. Feldspar mass fraction profiles 
show values greater than 20% at altitudes above 5  km (Figure S8 in the 
Supporting Information S1). As in the Potenza case, quartz contribution is 
increased between 4 and 5 km but has a minor role in the INPC. In the Ni1 
case, Nicosia observations are available at altitudes which enable the use of 
D15i and U17i_U17d INPC parameterizations. The results differ from those 
obtained using the same parameterizations in the DREAM model, within one 
order of magnitude (Figure 5). INPC values estimated by POLIPHON show 
larger vertical variability compared to the model due to the higher resolution 
of lidar measurements.

Additionally, we compare the model results with collocated in time 
UAV-FRIDGE INPC measurements above Cyprus, described in more detail 
by Schrod et  al.  (2016) and Marinou et  al.  (2019). Figure  6 presents the 
results of the comparison between the DREAM INPC and the in situ meas-
urements in the immersion freezing temperature range, for the mineralogy 

Location

Center of mass [m] Column mass concentration [g/m 2] Peak concentration [μg/m 3]
Correlation 
coefficientP D D-all P D D-all P D

Po 4412 (4393,4422) 4310 3556 0.16 (0.11,0.21) 0.64 0.82 87 (60,114) 205 0.92

Ni 1 3778 (3597,3864) 4133 4143 0.45 (0.29,0.61) 0.32 0.32 155 (105,205) 119 0.79

Ni 2 2819 (2797,2831) 2857 2841 0.56 (0.42,0.63) 0.49 0.50 263 (177,349) 134 0.84

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

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

Figure 6.  Ice nucleating particle concentration prediction by Dust Regional 
Atmospheric Model on 21 April 2016 and the UAV-FRIDGE measurements 
(Marinou et al., 2019; Schrod et al., 2017) for immersion freezing (as a 
function of temperature). The data points are slightly shifted from the actual 
temperature for clearer presentation.
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sensitive and mineralogy indifferent parameterizations. The UAV samples were collected at 2.5 km height and 
for the analysis they were exposed to water saturation of 101% and temperatures at which the immersion freezing 
is expected. UAV-FRIDGE data and uncertainties presented in this paper are adopted from Marinou et al. (2019). 
We use mineral dust concentrations from the model at the same latitude, longitude and height at which the UAV 
samples were collected. These concentrations are used as input to the D15i, U17i and H19i parameterizations at 
the same thermodynamic conditions used in the FRIDGE. The DREAM results are presented with typical uncer-
tainties of the INPC parameterizations (Harrison et al., 2019; Marinou et al., 2019). The variability of DREAM 
results described by the +3h and −3h profiles would introduce variability in INPC estimations of 27%, 30% and 
33% for H19i, D15i and U17i, respectively (not shown in the plot).

At −30°C and −25°C, the H19i parameterization predicts INPC values between those of the mineralogy indif-
ferent parameterizations, D15i and U17i, similarly to the results presented in the comparisons with POLIPHON 
(Figure  3 and Figure  5), and in a very good agreement with the UAV-FRIDGE measurements (within their 
uncertainties). However, at −20°C, H19i underestimates INPC in comparison to D15i parameterization and 
UAV-FRIDGE measurements. The analysis performed by Marinou et al. (2019) showed that dust is the domi-
nant contributor to INPC in this case of 21 April, and suggested that for dust D15i is applicable in immersion 
temperature range, while in the deposition nucleation regime U17d results agree well with in situ observations. 
The DREAM results of D15i underestimate INPC in comparison with FRIDGE measurements. It should be noted 
that at 2.5 km height, DREAM underestimated the cloud-relevant dust concentrations in comparison with POLI-
PHON retrievals (Figure 5b), contributing to INPC underestimations. D15i parameterization is based on particle 
concentration as input, and it is not affected by changes in particles size. On the other hand, H19i predictions are 
influenced by particle size and mineral composition of dust. At the temperatures used in the FRIDGE experiment 
(≥−30°C), quartz contribution to INPC is expected to be small, so the most of the H19i INPC can be attributed 
to feldspar. Majority of feldspar is present in the silt particles while its efficiency as an INP source is reduced 
with increase of temperature. We assume that sedimentation of silt particles leads to an underestimation of H19i 
prediction of INPC when compared to D15i at −20°C. It should be noted that in this case, relative contribution of 
silt particles to total dust particle concentration is smaller than in the mean particle size distribution at the sources 
in the model domain. DREAM results of H19 show closer agreement with UAV-FRIDGE results at −25°C and 
−30°C, in comparison with the results of the mineralogy-indifferent parameterizations, but the sensitivity to 
mineral composition contributed to underestimation at −20°C in this case.3.2 Comparison with the DARDAR 
product.

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

Vertical cross sections of DARDAR-Nice during the overpass B have been previously compared by Marinou 
et al.  (2019) with the neighboring INPC profiles based on CALIPSO observations. They used the CALIPSO 
L2 version 4 (V4) aerosol profile products and considered only quality-assured retrievals (Marinou et al., 2017; 
Tackett et al., 2018). Besides the parameterizations used in our study, they also included soot contributions to 
INPC based on parameterizations by DeMott et al.  (2010) and Ullrich et al.  (2017). They concluded that the 
lidar-derived dust INPC can be used to estimate the minimum and maximum boundary of the ICNC in the clouds 
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formed in their presence when immersion is the dominant mechanism. DREAM INPC results in this case agree 
with their INPC estimations within an order of magnitude. Overpass A cross section has not been analyzed in 
this way due to the presence of clouds in dust containing profiles, therefore not satisfying the quality assurance 
criteria. Based on these results we consider DREAM INPC comparison with DARDAR-Nice.

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

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

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

Figure 7.  Comparison of Dust Regional Atmospheric Model simulated Ice nucleating particle concentration profiles using three model setups and DARDAR-Nice 
product on 20 April, 12UTC during overpass A (a) and on 21 April, 12UTC during overpass B (b). Solid blue line represents DARDAR ICNC for D > 25 μm; while the 
shaded blue area indicates D > 100 μm (lower limit) and D > 5 μm (upper limit) values.
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In overpass case B (Figure 7b), DARDAR-Nice product shows a much smaller vertical extent, not completely 
covered by all three model setups, likely because of the coarser model vertical resolution. The model has 28 
vertical levels based on the hybrid pressure-sigma coordinate (Janjic, 2003), having vertical resolution of several 
hundreds of meters in the immersion temperature range. It is possible that the temperature representative of a 
model grid box is too low to predict INPs based on immersion parameterization. In this case the highest alti-
tude with forecasted INPs is limited by immersion parameterization and model vertical resolution. Additionally, 
DARDAR-Nice product, predicts ICNC at heights where homogenous nucleation is possible (around and below 
−37°C)

In overpass case B, DREAM estimates larger INPC than in overpass case A because of the larger dust mass 
concentrations in the immersion temperature range above 6 km. For this case, the efficiency of dust as an INP is 
affected by the physical aging (Figure S9 in the Supporting Information S1) and in the different contribution of 
quartz and feldspar fractions to total dust concentration. H19i_U17d- and U17i_U17d-predicted INPC depends 
on ice nucleation active surface-site density and dust particle size bin effective diameter, while the INP fraction 
in each size bin is dependent only on temperature. The particles in the two silt size bins with the effective radii 
of 1.3 and 2.2 μm are very efficient as INPs at temperatures below −30°C (Niemand et al., 2012). Additionally, 
in the mineralogy-sensitive H19i_U17d setup, the smaller contribution of feldspar influenced the reduction of 
INP activity of dust at temperatures lower than −25°C. In case of overpass B, U17i_U17d predicts a smaller 
INP fraction of total dust concentration than in overpass case A due to the warmer temperature at same heights 
(Figure S2 in the Supporting Information S1). The difference in INPC estimation between overpasses A and B, 
based on D15i parameterization is caused by the difference in total particle concentrations indicated by higher 
dust concentration in the immersion temperature range (Figure S10 in the Supporting Information S1) and lower 
dust concentration in silt bins (Figure S9 in the Supporting Information S1). At temperatures higher than −20°C, 
more ICNC are retrieved in comparison to the higher altitudes and to the estimated INPC. A possible explanation 
for the higher ICNC at lower altitudes could be that the ice crystals in these clouds nucleate close to the cloud 
top (where the lowest temperatures are observed) and that afterward the crystals grow and fall through the lower 
heights of the clouds formed (Ansmann, Mamouri, Bühl, et al., 2019; Marinou et al., 2019). Since the model 
simulates only dust aerosols, it is possible that additional INPs at higher temperatures are from biogenic sources 
(Nickovic et al., 2016; O’Sullivan et al., 2018; Welti et al., 2018; Sanchez-Marroquin et al., 2021). Table 3 shows 
the evaluation of applicability of the three INP parameterization setups in DREAM, with the DARDAR ICNC 
as a reference in the two studied cases. As discussed previously, H19i_U17d and U17i_U17d INPC capture the 
general shape of the ICNC profile in overpass A. D15i_S15d shows the lowest bias, while positioning the peak 
concentrations above the observed maximum of INPC. U17i_U17d predicts one order of magnitude more INPC 
compared to ICNC. These results are in agreement with the results by Marinou et al. (2019) of comparison of 
lidar-derived INPC with DARDAR-derived ICNC for the two immersion freezing parameterizations (D15i and 
U17). It should be noted that in study of Price et al. (2018) in Atlantic, an INPC parameterization by Niemand 
et al. (2012) overestimated INPC in comparison to samples collected in aircraft measurements. U17i uses some 
of the same data as the parameterizations by Niemand et al. (2012) and is on average producing ns values a factor 
1.64 times higher. In overpass B, DREAM is less successful in predicting the shape of the ICNC profiles and this 
inevitably largely affects the comparison. D15i INPC prediction is below the ICNC, U17i_U17d predicts INPC 
in a limited altitude range, and H19i_U17d INPC decreases sharply at lower altitudes. We follow the assumption 
that the conditions were not favorable for the SIP and introduce the hypothesis that the ICNC can reach the values 
of up to INPC (Marinou et al., 2019). The differences presented in Table 3 show that observed ICNC values are 
within the range of the uncertainties of the parameterizations introduced in the H19i_U17d setup in the case A. 
The setup uncertainties are described in Equations 1–4 and in Marinou et al. (2019). In the case B, DREAM 
results indicate INPC underestimation. In both cases (A and B), H19i_U17d had most success in predicting 

The overpass A The overpass B

H19i_U17d D15i_S15d U17 H19i_U17d D15i_S15d U17

Mean difference [l −1] −4.1 −2.2 11.1 −1.3 −10.5 7.0

Root Mean Square Difference [l −1] 4.9 7.6 19.0 10.7 12.1 25.6

Table 3 
Evaluation of DREAM INPC - DARDAR ICNC Comparison for Three Model Setups
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vertical extent and the shape of the profile. Additionally, it shows the least root mean square difference when 
compared to ICNC.

3.2.  Comparison With MSG Ice Water Path

DREAM mineral fractions and INPC values are compared with the MSG IWP product in order to discuss the 
performance of DREAM INPC setups on the prediction of horizontal patterns of ice clouds (Figure 8 and Figure 
S11 in the Supporting Information S1). The INPC parameterizations are used to predict conditions for ice-initi-
ation in clouds in the presence of dust particles. The qualitative comparison between DREAM INPC and MSG 
IWP uses the overlap between areas with predicted INP and observed cloud ice as an indicator of useful predic-
tion. Mineral fractions have been presented for mean concentrations in the immersion temperature range. Dust 
mass can locally consist of 30% feldspar in Europe and Mediterranean. In the three presented cases, lower feld-
spar concentrations reach the north-eastern part of the model domain, due to deposition of silt particles. In those 
areas quartz fraction is above 60%. The three INP setups differ from each other up to two orders of magnitude 

Figure 8.  Dust Regional Atmospheric Model simulated integrated Ice nucleating particle concentration values for H19i_U17d (a) U17i_U17d (b) and D15i_S15d (c) 
setups. MSG IWP product (d) on 18 April, 15UTC, 20 April, 12UTC and 21 April. 12UTC.
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in the vertically integrated profiles. The largest differences are present in the south of model domain, to the west 
over the Atlantic and in the north east near Caspian Sea. H19i_U17d INPC is generally between the U17i_U17d 
and D15i_S15d values. H19i_U17d and U17i_U17d predict INPC over the Atlantic in the first two cases, but 
miss the clouds between 30°N and 40°N in the last case. South of 30°N, H19i_U17d overestimates the production 
of clouds. In southern parts of Europe and in the Mediterranean, the forecast patterns match the observed ones. 
The INPC in the northeast part of the model domain is overestimated. U17i_U17d has similar patterns partly 
because they rely on the same deposition parameterization. In these areas of “false alarm” (Nickovic et al., 2016), 
where INPC is predicted but no clouds are observed, the values of H19i_U17d and U17i_U17d are similar in the 
south. In the Caspian Sea region, U17i_U17d predicts slightly higher values, due to lower feldspar contribution 
in the H19i_U17d. D15i_S15d predicts the lowest concentrations and, therefore, smaller “false alarm” areas, but 
also shows less probability of predicting observed clouds over the Atlantic.

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

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

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

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

Model results agreement with measurements, presented here, gives confidence in possibilities of INPC prediction 
and INPC estimation in areas where observations are sparse. Using mineralogy-sensitive parameterizations is a 
step forward in quantifying the role dust plays as INP. Further analysis with long-term simulations and a dust 
model with fully coupled microphysics scheme would provide better insight into the effectiveness of these model 
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setups and overcome some of the limitations of this study. In such a model, dust and potentially other aerosol 
contribution to INPC could be calculated and used as an input parameter to microphysics scheme. Additionally, 
other aerosol types, such as biogenic particles contribute to INPC at higher temperatures than dust and including 
them in the model is another aspect of future model development. Experimental campaigns, especially with 
aircraft in situ measurements of dust and INPC would significantly refine the current parameterizations and 
improve possibilities of model verification.
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Abstract
Moss transplants of Hypnum cupressiforme and Sphagnum girgensohnii were tested for efficiency in detection of airborne 
element pollution at a suburban background site during short time exposure of 15 days (twelve consecutive periods) and 
during prolonged exposure from one to six months. Concomitantly, particulate matter (PM10, PM2.5) was sampled during 
three identified Saharan dust episodes, while MERRA-2 data were used for estimation of dust concentration at ground level to 
which the moss bags were exposed during 15-day periods. The concentrations of 22 potentially toxic elements were measured 
in the moss and PM10 samples. The results showed that 15-day bag exposure at the background location could not provide 
a measurable and reliable signature of the elements in the moss transplants, except for Al, V, As, Ga, Y, and Tb, unlike the 
extended moss bag exposure of a couple of months. These were also the only elements whose concentrations were increased 
multifold in PM10 samples during the most intense dust episode, which was also recorded by S. girgensohnii bags exposed 
in the corresponding 15-day period. The ratio of crustal elements (Ca/Al, Mg/Al) in PM10 and moss samples (3-month 
exposed) was in line of those reported for dust transported from western Africa. The V/Al, Ga/Al, and Tb/Al concentration 
ratio values in PM10 and S. girgensohnii samples were higher for dust days contrary to the As/Al ratio, which could be used 
to distinguish between dust and fossil fuel combustion pollution sources. The moss bag technique could be used as a simple 
tool for tracking long-range transported elements, but after prolonged moss bag exposure (3 months).

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

Introduction

Particulate matter (PM) air pollution is recognized as one 
of the major threats to human health (Cohen et al. 2017; 
WHO 2016). The chemical composition of airborne PM 
depends on the geological background of the region and 
anthropogenic emission sources. Although natural sources 

are highly involved in PM composition, anthropogenic 
sources are mainly responsible for the adverse constituents 
of PM (carcinogenic and toxic elements, polycyclic aromatic 
hydrocarbon, etc.).

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

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

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

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

From our previous biomonitoring study (Vuković et al. 
2015), we obtained information about the air pollution 

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

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

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

Materials and Methods

Study area

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

The climate of Belgrade is mild and generally warm—
moderate-continental with a yearly temperature average of 
10.9 ºC and annual precipitation in the interval from 540 to 
820 mm (Republic Hydrometeorological Service of Serbia, 
http://​www.​hidmet.​gov.​rs/​eng/​meteo​rolog​ija/​klima​tolog​ija_​
srbije.​php). The prevailing wind is N–NW, but the specific 
‘Košava’ wind (SE–ESE) blows with an annual frequency 
of 26% and an average speed of 4 m s−1 (Unkašević et al. 
1999). The meteorological data specifically for the studied 
period are presented in Figure S1 (Supplementary material).

(Bio)monitoring

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

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

Particulate matter monitoring

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

Identification of dust episodes and dust surface 
concentrations

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

The Modern-Era Retrospective Analysis for Research and 
Applications version 2 (MERRA-2) data for dust surface 

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

Chemical analysis of moss and PM10 samples

Both types of studied samples, mosses (≈0.3 g) and filters 
with collected PM10, were digested with 7 mL of 65% 
HNO3 (Merck, p.a.) and 1 mL of 30% H2O2 (Merck) in Tef-
lon vessels for 45 min in a microwave digester (Speed Wave, 
XPERT, Products + Instruments GmbH, Berghof, Germany). 
After filtration through the filter papers (Blue Ribbon, Grade 
15 (2–3 pm), Ø125 mm, FIORONI), the dissolved samples 
were diluted with ultrapure water (18 MΩ x cm) up to the 
volume of 50 mL in volumetric flasks (Vuković et al. 2015; 
Aničić et al. 2017).

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

The analytical quality of the element detection was checked 
by the analysis of the analytical blank samples, and the refer-
ence materials, moss Pleurozium schreberi (Brid.) Mitt. M2 
and M3 (Finnish Forest Research Institute; Steinnes et al. 
1997), and aquatic plant (BCR-670), per each microwave 

bench (after every 11 samples). The recoveries of the element 
concentrations in the reference materials were in the range 
of 82–132%. The precision of analysis was estimated by the 
variation coefficient of three replicates of 20% moss samples; 
the relative standard deviation (RSD) of the replicate samples 
was within ± 11% for the measured elements. The initial ele-
ment content was measured in four control subsamples of both 
studied mosses, and RSD varied up to 10%, except for Cr, Zn, 
Y and Tb (up to 18%). For filters with PM10, a blank Quartz 
fiber filter was used for the analytical quality control.

Data processing

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

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

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

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

(1)LOQt = xCi + 1.96sCi

(2)RAF = (Cexposed − Cinitial)∕Cinitial

https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
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where the element concentration in the moss after exposure 
(Cexposed) was reduced and divided by its concentration in the 
moss before exposure (Cinitial).

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

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

Results and Discussion

H. cupressiforme vs. S. girgensohnii

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

(3)EF = (E∕R)moss∕(E∕R)E.crust∕topsoil

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

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

Besides different initial element content in the studied 
mosses and different thallus form number of ion-binding 
sites on the membrane surface could influence differences 
in the element uptake during the moss exposure. Still, cor-
relation analysis applied to all exposure periods showed a 
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Fig. 1   The element concentrations (µg g−1) measured in the moss H. 
cupressiforme (H.c.) and S. girgensohnii (S.g.) samples exposed for 
twelve 15-day consecutive periods (15.1–15.12d), one-, two-, three-, 
four-, five-, and six-month periods (1 m, 2 m, 3 m, 4 m, 5 m, 6 m, 
respectively) at open space (O) and under the roof (R) during the 

spring/summer season 2019; the element concentration in the unex-
posed moss material (initial C); limit of quantification for the moss 
bag technique (LOQt); *excluded data due to unforeseen local emis-
sion—landscaping and mowing a surrounding lawn
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good correlation of V, As (r > 0.89), Ba, Ca, Ga (r > 0.7), 
Zn, Cd (r > 0.6), Co, Mg, Tb, and Y (r > 0.5) concentrations 
between the two studied moss species, exposed at open 
space (Fig. 2). This finding suggests a possible comparable 
use of H. cupressiforme and S. girgensohnii for biomonitor-
ing of the above-mentioned elements, particularly V and As.

Moss element concentrations vs. exposure time

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

Fig. 1   (continued)
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exposure has often been tested in diversely polluted environ-
ments. However, previous studies mainly considered longer 
moss bag exposure times, lasting from a month to several 
months, but the most often in the condition of increased 
ambient pollution, around industrial sources or in urban 
areas (Ares et al. 2012). In addition, the majority of our moss 

bag studies (e.g., Vuković et al. 2015, 2016) were performed 
in the urban area of Belgrade city, which is characterized by 
increased level of air pollution in comparison with a rural or 
remote areas, that guarantee the remarkable element enrich-
ment in the moss material during exposure. Here, in this 
study, we focus on testing the applicability of the moss bag 

Fig. 1   (continued)
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technique in research of dynamics of airborne PTEs at the 
suburban background site, during a period of expected intru-
sions of long-range transported dust. The possibility of an 
accidental influence of remote emissions to the studied site 
set a challenge for testing a short-time bag exposure, bear-
ing in mind that these events usually last up to several days. 
Recent research by Capozzi et al. (2016b) showed that three 
weeks of Pseudoscleropodium purum bag exposure in a 
rural (unpolluted) area were not enough to achieve a consist-
ent signal of the PTEs in the moss, above the LOQt, while 
only a small difference occurred between six and 12 weeks 
of bag exposure. Despite this conclusion, we followed our 
previous experience regarding different periods of moss bag 
exposure at suburban background site that the significant 
accumulation of the PTEs in S. girgensohnii bags was found 
after two weeks of exposure (Aničić et al. 2009a). Hence, 
in this study, we have defined 15 days as the minimal moss 
bag exposure time. Although the LOQt criterion was not 
applied in Aničić et al. (2009a), the moss element uptake 
after 15-day bag exposure appeared meaningful.

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

bag samples after different exposure times is provided in the 
Supplementary material (Table S1).

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

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

An extended moss bag exposure (from one to six 
months) was used in addition, as a proven method to 

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

sampling site in this study, which is in the inner courtyard. 
In comparison with the previous study, enrichment of S. 
girgensohnii tissue by the PTEs was less pronounced in 
the present study, especially for Fe and Pb (possibly due 
to the phase-out of leaded gasoline in the meantime). For 
some other elements (Ba, Ca, Co, Sr, V), it looks like 
an enrichment plateau was reached after six months of 
exposure (Figure S2). It is worth noting that the consecu-
tive 15-day periods of the moss exposure in the present 
study gave evidence that there was no uniform element 
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Fig. 2   Correlation between corresponding element concentrations (As, Ba, Ca, Cd, Co, Cr, Ga, Mg, Tb, V, Y, Zn) measured in two moss species 
H. cupressiforme and S. girgensohnii 
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enrichment with time in the mosses. Also, the element 
content in the moss bag exposed for prolonged periods 
is not a simple sum of its content during shorter 15-day 
exposures. The cumulative element content in the moss 
after several months of exposure represents a dynamic 
equilibrium between adsorption and release of the PTEs 
in favorable (humidity) or unfavorable (strong wind and 
intensive precipitation events) conditions. Salo and Mäki-
nen (2019) showed that bags of ectohydric moss species 
Sphagnum papillosum collected PM more efficiently in 
humid conditions. Furthermore, the loss of coarse parti-
cles from the moss surface is inevitable in long-term bag 

exposure, while smaller size particles (classes < 2.5 µm) 
are more efficiently entrapped and kept on rough moss sur-
face (Tretiach et al. 2011). The comparison of two-month 
element enrichment in the mosses from this study with 
the previous summer study regarding air pollution zoning 
in Belgrade, using the same biomonitors (Vuković et al. 
2015) showed that the majority of the analyzed elements 
from this study were in the concentration range estimated 
for the residential zones. The residential zones in the pre-
vious study were recognized as less polluted than the typi-
cal urban ones (with intense traffic flow). The exceptions 
are Co, Cr, Cu, and V, whose concentrations in this study 
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exceed the levels found in the residential zones and were 
at the level characteristic for the typical urban zones.

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

Moss bags at open space vs. moss bags under roof

Exposure of the moss bags under the roof was aimed at 
diminishing the influence of wet and dry atmospheric depo-
sition of aerosols to the element content. The moss sam-
ples under the roof receive airborne pollutants mainly by 
wind or fog. The moss bags hung under the improvised roof 
showed the lack of substantial element accumulation after 
the 15-day exposures, which remained at a similar level with 
prolongation of the bag exposure (Fig. 1). The total element 
concentrations in the moss samples exposed at open space 
were usually higher than those in the moss bags that were 
hung under the roof, especially for longer periods of bag 
exposure (> 2 months). This indicates the important effect 
of wet and dry deposition on element content in exposed 
moss samples. Namely, wet deposition can contribute to the 
more efficient sorption of elements from the solution, while 
intense precipitation events cause wash-off of particles from 
the exposed mosses. Calculated for all tested periods of the 
moss bag exposure, the difference between mosses at open 
space and those under the roof was statistically significant 
(p < 0.05) for Al, Fe, K, Li, Mn, P, S, V, Cr, Cu, Cd, Pb in H. 
cupressiforme, and Ba, Fe, P, Pb, S, Zn, V, Cr, Co, Cu, As, 
Cd, Ga, Y, Tb in S. girgensohnii. In a laboratory experiment 

(González and Pokrovsky 2014), both mosses S. girgensoh-
nii and H. cupressiforme demonstrated very fast adsorption 
kinetics in metal solution, and steady-state element concen-
tration is achieved in several minutes, remaining constant for 
a longer time. It suggests that the element-binding from the 
rain solution in real conditions had predominance over the 
moss wash-off effects by precipitation. However, increase 
of rainfall intensity possibly influences particle removal 
from biomonitor (leaf) surface (Zhou et al. 2021). The field 
study estimating metal uptake efficiency from precipita-
tion in moss (Čeburnis and Valiulis 1999) showed that the 
best retained elements were Pb, Ni, Cu and V, and signifi-
cantly lower uptake for Cd, Cr, Fe and Zn, while Mn always 
leached from the mosses. The similar pattern of the element 
uptake was obtained in this study. Although average precipi-
tation during our study was relatively low, in May, June, and 
at the beginning of August there were a couple of days with 
increased precipitation, > 20 mm day−1 (Figure S1). Still, the 
rain wash-off effect of the moss bags exposed for 15 days at 
open space is hardly observed due to the mainly low element 
accumulation rate during this minimal bag exposure (around 
the LOQt). However, for the moss bags exposed for two and 
four months (especially S. girgensohnii bags), the drop in the 
element enrichment of moss tissue is observed, which could 
be explained by the mentioned days with increased precipita-
tion. For the moss bags exposed under the roof, the reduction 
of direct wet and dry deposition during the extended periods 
of exposure substantially decreased the element enrichment 
in the mosses. Thus, further discussion will be only focused 
on the element concentrations in the moss bags exposed at 
open space.

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

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

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

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

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

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

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

In the conditions of presumably low seasonal air pollution 
at the suburban background site, the influence of possible 
accidental emissions from some local or remote sources may 
result in the increase of element concentrations in the cor-
responding moss samples exposed in the series of twelve 
consecutive 15-day periods. In this study, three Saharan dust 
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Fig. 3   Average and maximum EFs of the elements in H. cupres-
siforme (H.c.) and S. girgensohnii (S.g.) for exposure periods of 
1–6  months calculated according to the Earth’s crust (E. crust) and 

local topsoil element concentrations (ts); asterisk (*) means that the 
values for some elements were not available in the local topsoil
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episodes (SDE), each lasting for several days, were identi-
fied over the study area within the period of April–October, 
2019: 23–27 April (SDE1), 26–30 May (SDE2), and 8–15 
June (SDE3) (Table 1). The potential influence of dust epi-
sodes on the moss element content was tested. It is notewor-
thy that elements characteristic for Saharan dust (Si, Al, Ca, 
K, Mg) are also major components of resuspended urban 
dust (Amato et al., 2009; 2016), including road dust, dust 
from construction works and local soil. Thus, analysis of PM 
samples corresponding to days after each SDE is necessary 
to make conclusions regarding the influence of Saharan dust 
(dust in further text) on particulate pollution. Additionally, 
the measurements of PM10 and PM2.5 mass concentrations 
were taken during each dust episode and several days after 
the episode. Here, we first discuss the results based on PM 
samples collected during dust episodes and then present the 
findings based on moss bag samples.

Outbreaks of Saharan dust affect particulate matter con-
centrations in Europe (Rodrı́guez et  al. 2001; Alastuey 
et al. 2016). Alastuey et al. (2016) showed that the aver-
age dust load in PM10 concentrations was 0.5–10 μg m−3 
at most sites of the European Monitoring and Evaluation 
Programme (EMEP) during the summer Saharan dust out-
breaks. It should be noted that dust is transported within 
elevated layers and it does not necessarily contribute to PM 
concentration during all days of dust episode, as in a case 
study by Ajtai et al. (2020).

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

of 22.5 μg m−3 reached on April 25, contributing to 62% of 
PM10 concentration. The least intense episode was SDE2, 
as suggested by models and measurements (Figure S5), with 
measured coarse particle concentration of up to 7.3 μg m−3 
(44% of PM10 concentration).

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

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

In this study, besides Al, the concentration of V, As, Ga, 
Y, and Tb in the PM10 samples was markedly higher dur-
ing the dust days, in comparison with non-dust days. The 
concentration of Al shows a strong correlation (r2 = 0.84) 
with PM10 during non-dust days, with an average Al/PM10 
mass ratio of 0.008 ± 0.002. Its content in PM10 increased 
during dust days, with maximum Al/PM10 ratio values of 
0.034, 0.012, and 0.026 during SDE1, SDE2, and SDE3, 
respectively. It should be noted that the largest Al content 
in PM10 was observed during the SDE1, which was recog-
nized as the most intense of the three observed episodes. The 
increased coarse fraction of particulate matter and increased 
contribution of Al content in PM10 indicate that dust con-
tributed to PM10 during all three observed episodes, most 
prominently during SDE1. The increase of the element/
PM10 concentration ratio during dust episodes was also 
observed in the case of V and Y, indicating their relation 
with dust. Both elements show lower correlation with PM10 
concentration, compared to Al (r2 = 0.58 and r2 = 0.77 for V 
and Y, respectively), during non-dust days. The correspond-
ing element fractions in PM10 were (6 ± 2) × 10–5 for V and 
(4 ± 2) × 10–6 for Y. These fractions increased during dust 

Table 1   Average mass concentrations (µg m−3) of PM2.5 and PM10 during three Saharan dust episodes and several days after the episodes, and 
daily limit values prescribed by the air quality standards

Saharan dust episode PM10 PM2.5

Min Max Average SD Daily limit Min Max Average SD Daily limit

I − Apr 22/04 − 01/05/2019 10 40 25 12  < 50 7 28 16 7  < 25
II − May 27/05 − 03/06/2019 3 21 11 6 3 13 7 5
III − Jun 08/06 − 22/06/2019 15 49 29 9 9 27 18 6
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days to (11 ± 3) × 10–5 and (8 ± 3) × 10–6 for V and Y, respec-
tively. This suggests that dust contributed to the increase of 
concentrations of these elements.

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

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

The ratio of Mg/Al during dust days varied within the 
range of 0.03–0.80, with an average of 0.32. For two PM10 
samples most affected by dust (as suggested by models, 
measured coarse fraction of PM, and Al fraction in PM10, 
described above), collected during SDE1, the values were 
0.37 and 0.38. These are similar to the ratio obtained for 
local topsoil (0.39), as well as to the ratios reported for 
western Africa (Moreno et al. 2006; Scheuvens et al. 2013), 
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Fig. 4   The element concentrations (µg m−3) in the PM10 samples 
collected during the days of the three episodes of Saharan dust and 
several days after at the studied site; open symbols correspond to 

non-dust days, while filled symbols are for dust days; asterisk (*) 
refers to the missed filter
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suggesting that Mg/Al ratio is not appropriate for distin-
guishing between influences of local soil resuspension and 
Saharan dust on PM10. The values of Ca/Al and Mg/Al dur-
ing dust days are in line with those found by Djordjevic et al. 
(2019) for a larger number of Saharan dust events in 2012 
and 2013.

Among other considered elements (which were also sig-
nificantly accumulated in moss samples), As showed high 
EFtopsoil, with average values of 13.6 and 24.1 for dust and 
non-dust days, respectively. While concentrations of As in 
PM10 showed some peak values during dust episodes, par-
ticularly during SDE1, the average EFtopsoil is smaller than 
that for non-dust days. This can be explained by decrease of 
As/Al ratio during dust days due to more significant increase 
of Al concentration (note that Al was the referent element 
in the calculation of EFtopsoil). High EFtopsoil for As indicates 
that PM10 samples were affected by anthropogenic sources 
during both dust and non-dust days.

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

Gallium and Y were strongly correlated with Al (r2 = 0.82 
and r2 = 0.97, respectively) during dust episodes. The mass 
ratio of Ga/Al was (4 ± 3) × 10–4 during the dust days, while 
Ga concentrations during non-dust days were often below 
the detection limit. Yttrium showed similar Y/Al ratios for 
dust and non-dust days (ranging from 4.6 × 10–5 to 6.9 × 10–4, 
and an average of 4.4 × 10–4). These values were within the 
range of (3.2—10.0) × 10–4 obtained for Saharan dust sam-
ples, based on data by Moreno et al. (2006). We did not have 
information on Ga and Y concentration in local topsoil to 
calculate EFtopsoil.

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

When using moss bags for sampling Saharan dust, it 
should be noted that Saharan dust episodes could not be 
matched in advance with the series of minimal periods of 
moss bag exposure. The identified dust episodes lasted for 

several days, while the minimal period of moss bag exposure 
was 15 days. Thus, to better understand to what amount of 
dust the moss bags were exposed during 15-day periods, 
we averaged MERRA-2 predictions of dust concentrations 
at ground level over these periods (Figure S5). MERRA-2 
data showed significant surface dust concentration during 
the SDE1, resulting in markedly higher average dust con-
centrations on April 15‒30 (15.1d), compared to the other 
periods. While these concentrations are overestimated (in 
comparison with the measured PM10 concentrations), it 
should be noted that other models used for the identifica-
tion of dust episodes (see Section 2.4) also predicted very 
intense SDE1. MERRA-2 data also showed increased dust 
concentrations in the first half of June (SDE3), but less than 
during SDE1. Lower surface dust concentration was pre-
dicted for SDE2. As discussed above, the PM10 and PM2.5 
concentrations, as well as Al content in PM10, also indicated 
significantly higher dust load during SDE1, compared to 
SDE2 and SDE3. It should also be noted that the lowest 
MERRA-2 dust concentration values were predicted for the 
period July 16–31 (15.7d).

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

Aluminum is the only element that was substantially 
accumulated in both studied mosses in all exposure peri-
ods, even in all 15-day exposed samples and the control 
bags exposed under the roof. Aluminum showed the larg-
est difference between samples exposed at open space and 
the corresponding samples exposed under the roof. This 
may imply the significant contribution of atmospheric 
deposition of this element over its resuspension with local 
soil dust. There is increased Al concentration in the S. gir-
gensohnii in the 15.1d period corresponding to SDE1. The 
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peak of Al content is also found in the 3-month exposed 
moss bags, which could be due to the cumulative contribu-
tion of all three dust episodes.

Except for Al, several trace elements, V, Ga, Y, and 
Tb, in S. girgensohnii showed a similar temporal trend of 
accumulation in the exposed bags, with increased con-
centrations during 15.1d period (that overlapped with 
SDE1), in comparison with the average for non-dust peri-
ods. Although present at a very trace level, these elements 
were also increased in the PM10 samples collected during 
the mentioned episode of Saharan dust (Fig. 4). However, 
concentrations of these elements were not significantly 
increased in moss samples during the other two periods 
affected by less intense Saharan dust episodes (15.3d and 
15.4d).

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

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

Ratios of V/Al, Ga/Al, and Tb/Al calculated for moss 
samples exposed in 15-day periods showed increased value 
for the period 15.1d (corresponding to SDE1) in compar-
ison with the samples not affected by dust. Note that the 
corresponding ratios in PM10 showed increase during dust 
days. The ratio values in moss pertaining to 15.3d and 15.4d 
(SDE2 and SDE3), and Y/Al values for the three dust peri-
ods were within the ranges obtained for non-dust periods. 
The values of the ratios were larger for longer exposure time, 
by a factor ranging from 2.8 in case of As/Al, to 6.1 for V/
Al. These values are closer to those corresponding to PM10 
samples.

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

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

Table 2   Ratio of concentrations 
of analyzed elements and Al in 
S. girgensohnii moss samples 
exposed during 15-day periods, 
and 1–6 months; non-dust 
samples are those exposed 
during 15.2d and 15.5d-15.12d 
periods

Date Ca/Al Mg/Al V/Al
(× 10–3)

As/Al
(× 10–4)

Ga/Al
(× 10–4)

Y/Al
(× 10–4)

Tb/Al
(× 10–5)

15-day exposure
non-dust 0.8 ± 0.3 2.0 ± 0.8 1.2 ± 0.5 1.5 ± 0.5 0.3 ± 0.2
15.1d (SDE1) 1.4 0.9 2.8 1.9 0.6
15.3d (SDE2) 1.0 1.5 1.5 1.3 0.4
15.4d (SDE3) 0.6 0.5 1.2 1.0 0.2
1–6-month exposure
average 6.8 ± 0.7 1.2 ± 0.4 5.1 ± 0.4 4.9 ± 1.2 6.2 ± 0.7 6.6 ± 0.5 1.9 ± 0.2
3-month expos 6.6 1.1 4.8 5.3 5.9 6.4 1.8
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explain the absence of an unambiguous influence of the 
transported desert dust in the element content of the mosses. 
Still, the simplicity of the moss bag exposure that does not 
require electricity and technical maintenance should be con-
sidered as its comparative advantage over instrumental tech-
niques for remote sites far from infrastructure, e.g., moun-
tains. These sites are particularly suitable for monitoring 
desert dust transport due to the absence of pollution ‘noise’ 
caused by the local anthropogenic influence which is inevi-
table at the (sub)urban background sites. Further research 
could be directed to the investigation of moss bag poten-
tial for biomonitoring of elements characteristic for dust at 
rural/remote background sites, based on prolonged moss bag 
exposure of three months (in addition to 15-day exposure), 
as suggested by this study.

Conclusion

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

The studied season was characterized by three Saharan 
dust episodes, each lasting for several days. MERRA-2 
data showed particularly significant dust concentration 
at surface during the first episode that occurred in April 
(SDE1), as well as during the first 15-day moss exposure 

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

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

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

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

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

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 Lyα 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

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; Kolar�z
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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 newmixing 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 (Kolar�z 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
40K)and the air (222Rn). 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�1, with an average

near-ground ionization rate of 10 ion pairs cm�3s�1. 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 α

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�3

(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) (Baj�ceti�c 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

layer (Guha et al., 2010), as well as the occurrence of hydrodynamic

waves (Nina and �Cade�z, 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 (Kolar�z 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 Ko�sutnjak, Belgrade (WMO no. 13275, 203 m a.s.l.),

about 10 km away from the IPB site.
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2.3. Detection of PBL height

A variety of methods can be used to quantify the PBL height,

depending on available measurements (Emeis et al., 2008). Differences

between PBL and free troposphere can be observed using vertical profiles

of thermodynamic quantities and wind from radiosounding measure-

ments. Lidar observations, using atmospheric aerosol as a tracer, can be

used to determine heights of both PBL and elevated aerosol layers if

present in the atmosphere.

In this study radiosounding and lidar measurements were used to

determine PBL height. While radiosoudings are regularly available at

00UTC and 12UTC at theWMO 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

Ko�sutnjak, WMO number 13275), 10 km away from the lidar mea-

surement site at 203 m altitude. The Richardson number is defined as

(Stull, 1988):

Rib ¼
g½z� z0�½θðzÞ � θðz0Þ�

θðzÞ
�

uðzÞ2 þ vðzÞ2
� (1)

where g is acceleration due to gravity, z0 is the altitude of the weather

station, θ(z) is the potential temperature and u(z) and v(z) are zonal and

meridional components of the wind. The layers in which Rib 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

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 (Jeri�cevi�c 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:

H ¼ Hestimated±
Δz

2
(2)

where Δz is the measurement resolution (Jeri�cevi�c 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 kHzwidth 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-

SOMEVLF/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.

L. Ili�c et al. Journal of Atmospheric and Solar-Terrestrial Physics 171 (2018) 250–259

252



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

et al., 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 Ko�sutnjakstation, about10 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�1,

reaching minimum about 15 min after the maximum of the eclipse. At

Ko�sutnjakstation the temperature was almost constant after the first

contact until the maximum of the eclipse, with an increase rate of

0.003 �wCmin�1. After the eclipse maximum, it started increasing with

increased downward radiation, at a higher rate of0.03 �C/min.To further

investigate the effect of the eclipse on temperature, measurements

available from Ko�sutnjakstation on days following the eclipse were used.

The rate of temperature change during the eclipse was compared to the

rates recorded during the same period of day on three cloud-free days

after the eclipse – March 21, 23 and 24. Increasing trend of maximum

daily temperature was measured in this period. On the eclipse day, the

increase rate from the first contact to the eclipse maximum

(0.003 �Cmin�1)was very low in comparison to the rates of 0.016 �C

min�1, 0.025 �Cmin�1 and 0.032 �Cmin�1 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�1was 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 �C and 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 Ko�sutnjak),

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 Ko�sutnjak 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-1 to about 1.1 ms¡1at

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 Ko�sutnjak station was 0.9 hPa (not

shown here), which is most probably the consequence of the temperature
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Fig. 1. Global Sun radiation (solid lines) and UV-B erythemal radiation (dashed lines) during partial Solar eclipse (March 20, 2015) and three clear days after the eclipse. Dotted vertical

lines indicate beginning, maximum and end of the eclipse.
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drop (Fig. 2). The pressure minimum was reached about 30 min after the

eclipse maximum. Additional data, from radiosounding, provided infor-

mation on vertical profiles of meteorological variables 1 h after the event.

Up to the top of the PBL, the northerly wind speeds were relatively low,

from 2 to 3.5 ms-1. 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

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, reachingminimum 20min 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).
Fig. 2. Temperature and relative humidity. Vertical lines indicate beginning, maximum

and end of the eclipse.
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Radon concentrations measured during the eclipse (not shown here)

were in the range between 0 and 15 Bq m�3 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 Kolar�z 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

compared with the RSL change in few following days. The usual change

of RSL in morning hours presented in Baj�ceti�c 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).

R ¼ 77; 6
P

T
þ 3; 73⋅10

5
Pvp

T2
: (3)

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 Pvp (Debye, 1957; Falodun and Ajewole, 2006).

Fig. 3. Wind speed, gusts and direction. Vertical lines indicate beginning, maximum and end of the eclipse.

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 Rxi (i ¼ 1,…, 480) of the air

refractivity parameterto its mean value during the related day (Rx), using

Eq.2measured values Rxi of the air refractivity parameter, in order to

emphasize the level of variation.

RSL ¼ 100⋅

Rxi � Rx
�

�Rx

�

�

: (4)

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

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

Fig. 5. Ozone and UV-B erythemal radiation during partial solar eclipse. Dotted vertical

lines indicate beginning, maximum and end of the eclipse.

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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evolution of signal characteristics.

Fig. 9 shows temporal variationsof amplitudedifference fromits initial

considered values, recorded by the AWESOME system at the Belgrade

station on March 20, 2015 when solar eclipse occurred, and three days

after that. The additional days are shown to visualize amplitude variation

in solar eclipse period with respect to its shapes in other relevant periods

without influence of the eclipse. The reason for choosing these particular

days was relatively quiet conditions without significant traveling

ionospheric disturbance resulting from atmospheric lightnings, and solar

flares among other events. While amplitude variations are pronounced

during the solar eclipse, they are practically within noise domains on

the other three days. In the first period, a decrease in amplitude was

observed, with the minimum occurring before the eclipse maximum.

Further, the amplitude increased, exceeded the amplitude values

during the first contact and reached the larger value approximately

coincidentlywith the eclipsemaximum 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 γ, 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

solar Lyα 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 Lyα radiation

decrease. http://en.wikipedia.org/wiki/Solar_eclipse.

4. Conclusions

Changes in atmospheric properties were observed during a partial

solar eclipse (51%) onMarch 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

Ko�sutnjak 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 Ko�sutnjakstation 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

Fig. 7. Receiving signal level (RSL) and refractivity (R) variation. Shaded domains represent the time period when eclipse occurred.

Fig. 8. RSL and R variation during solar eclipse. Shaded domains represent the time

period when eclipse occurred.
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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

Lyα radiation decrease.
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5.3. A STUDY OF A DUST INTRUSION EVENT OVER BELGRADE, SERBIA 

M. Kuzmanoski, L. Ilić, M. Todorović, Z. Mijić  

Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 

maja.kuzmanoski@ipb.ac.rs 

ABSTRACT 

This paper is to present the results of aerosol measurements from a dust intrusion episode in Belgrade during the period of July 

5-7, 2014. A vertical profile of the aerosol backscattering coefficient, obtained from ground-based LIDAR measurements in 

Belgrade, showed a distinct elevated dust layer at altitudes of 2-5 km on July 5, 2014. The altitude of the layer decreased later 

in the episode, with its centre of mass decreasing from approximately 4 km to below 3 km. On the last day of the episode, an 

entrainment of the dust layer into the planetary boundary layer was observed, consistent with the observed change of PM10 

concentration at the surface level. The PM10 concentration increased by 15-17 μg m-3 at three monitoring sites in Belgrade, as 

the dust plume was settling down during the episode. The DREAM model simulations reproduced well the observed dust layer 

altitude. Dust surface concentrations from the model showed an increase of 11 μg m-3 during the episode. The difference from 

observed PM10 increase was attributed to contributions of other aerosol types to observations.   

INTRODUCTION 

Mineral dust is one of the most abundant components of the global aerosol burden (Kinne et al., 2006). Saharan 

dust originates from the world's primary dust source region, and can be transported over long distances (Prospero, 

1999; Ansmann et al., 2003). It mixes with other aerosol types along the transport path, affecting their physical, 

optical and radiative properties. Mineral dust affects the Earth's radiative budget by scattering and absorbing solar 

and terrestrial radiation (direct effect), by modifying cloud properties due to their role in cloud formation (indirect 

effect) or by changing the thermal structure of the atmosphere (semi-direct effect). However, there is significant 

uncertainty in estimating role of dust in the Earth's climate system (IPCC, 2013). Dust impacts air quality, even at 

locations distant from the source region (Prospero, 1999), and has harmful effects on human health (Giannadaki et 

al., 2014). To address these problems, it is important to improve the understanding of dust properties on temporal 

and spatial scales. This requires the synergistic use of ground-based and satellite measurements, along with a 

regional dust model, for the analysis of dust spatial and temporal variability.   

Here we present a case study of a dust intrusion episode observed in Belgrade from July 5-7, 2014. The analysis of 

the temporal variability of the dust layer was based on ground-based LIDAR measurements in Belgrade, while 

satellite measurements were used in the discussion of the spatial distribution of dust. Furthermore, the impact of 

the dust intrusion episode on PM10 concentrations in Belgrade was analysed. The measurement results were 

compared with results of Dust REgional Atmospheric Model DREAM (Ničković et al., 2001). 

METHODOLOGY   

The aerosol backscattering coefficient at 355 nm was derived from LIDAR measurements in Belgrade. A combined 

Raman elastic backscatter LIDAR has been operating at the Institute of Physics Belgrade since February 2014. It 

is based on the Nd:YAG laser operating at a fundamental wavelength of 1064 nm, and second and third harmonics 

at 532 and 355 nm. The laser pulses of 5 nm duration are transmitted at repetition rate of 20 Hz, with the output 

energies of 105, 45 and 65 mJ at these three wavelengths. The receiver is based on a 250 mm Cassegrain telescope 

in a biaxial arrangement, with adjustable field of view in the range from 0.5 to 3 mrad. Photomultiplier tubes are 

used to detect the backscatter signal in photon counting and analogue mode. The signals are detected at 355 and 

387 nm, with a vertical resolution of 7.5 m and a temporal resolution of 1 minute. In this work we analysed the 

elastic backscatter signal at 355 nm. The analysis of the LIDAR signal to obtain the aerosol backscattering 

coefficient was performed using Fernald-Klett retrieval method (Fernald, 1984; Klett, 1985), assuming a LIDAR 

ratio value of 50 sr. Due to incomplete overlap of the laser and telescope fields of view, the LIDAR signal 

registering below 500 m was not considered in the analysis.  

Daily PM10 mass concentrations at surface level, at three stations in Belgrade, were obtained from the State network 

for automatic monitoring of air quality (https://data.gov.rs/sr/datasets/kvalitet-vazdukha-u-republitsi-srbiji/). 

Dust REgional Atmospheric Model DREAM (Ničković et al., 2001) embedded into the NCEP/NMME non-

hydrostatic atmospheric model (Janjić et al., 2011) was used to provide horizontal and vertical distribution of dust 

concentration. The model domain covers Northern Africa, the Middle East and a large part of the European 
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continent, with a horizontal resolution of 1/5° (~ 30 km) and 28 vertical levels. It uses 8 particle size bins within 

the 0.1-10 μm radius range. 

Additionally, we used an aerosol optical depth (AOD) at 550 nm from combined Deep Blue and Dark Target 

algorithms and the Deep Blue Ångström exponent (AE) at 412-470 nm products from the MODIS (Moderate 

Resolution Imaging Spetroradiometer) instrument aboard the NASA Aqua satellite. We used Collection 6, Level 3 

data products. It should be noted, that the increase in AOD indicates an increase in aerosol load, while the AE 

parameter is used as a qualitative measure of particle size (the smaller AE values indicate predominantly coarse 

particles). 

CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) on board the CALIPSO satellite, was used to obtain 

vertical profiles of aerosols and clouds. It is an elastic backscatter LIDAR operating at two wavelengths: 532 nm 

and 1064 nm, with a depolarization channel at 532 nm. Here we used Level 2 Vertical Feature Mask product, which 

provides information on the aerosol types present in the detected layers (Omar et al., 2009).  

Air-mass back trajectories ending at different altitudes over the LIDAR measurement site were calculated using 

the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998; 

http://ready.arl.noaa.gov/HYSPLIT.php), with meteorological input from the Global Data Assimilation System 

(GDAS). The backtrajectories were used to provide an indication of the origin and pathways of air-masses arriving 

at altitudes of interest over Belgrade. 

RESULTS AND DISCUSSION 

We present an analysis of a dust episode that was observed over Belgrade from July 5-7, 2014. The beginning of 

the episode can be seen in MODIS data shown in Figure 1. MODIS values of AOD and AE indicate an increase of 

aerosol load and an increased contribution of coarse particles on July 5th compared to the previous day; this is 

typical for dust episodes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. MODIS aerosol data for July 4-5, 2014: (upper panels) MODIS aerosol optical depth (AOD) at 550 nm 

from combined Deep Blue and Dark Target algorithms; (lower panels) Deep Blue Angström exponent (AE) at 412-

470 nm. 

The observed AOD at 550 nm over Belgrade increased from below 0.1 on July 4th, to about 0.3 on July 5th (the 

first day of the dust episode), with a decrease in the AE value from 1.4 to 0.4. Moderate AOD values were observed 
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over Belgrade during the dust episode. MODIS data also showed that the dust event affected parts of western and 

central Europe. 

A close CALIPSO overpass over Belgrade occurred during the peak of the dust episode, on July 6th, at 

approximately 12 UTC. The CALIOP Vertical Feature Mask data, along the satellite ground track, is presented in 

Figure 2. We also showed the dust load over the area of interest and a vertical profile of the dust concentration 

along the CALIPSO ground track, resulting from DREAM model simulations. Both CALIOP data and the DREAM 

model results indicated that the dust plume extended north to Poland. The concentrations resulting from the model 

were largest around 40°N, at altitudes between 2 and 3 km, and decreased towards the north. At the part of the 

track within a 100 km distance from Belgrade, the DREAM model dust concentrations showeda maximum at a 

similar altitude range. CALIOP data suggested the presence of polluted dust (a mixture of pure dust with smoke or 

anthropogenic pollution) in this layer.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (upper panels) Map of dust load calculated from DREAM model on July 6, 2014 at 12 UTC, with 

CALIPSO ground track and Belgrade LIDAR station marked; and the corresponding results of CALIOP aerosol 

classification. (lower panel) Dust concentration vertical profiles along the CALIPSO ground track obtained from 

DREAM model. Data between the two vertical lines corresponds to the part of the track within 100 km distance 

from Belgrade LIDAR station.  

Ground-based LIDAR measurements in Belgrade were analyzed to characterize the aerosol vertical profile during 

the dust episode. The profile of the aerosol backscattering coefficient showed a distinctly elevated aerosol layer on 

July 5th, at altitudes between approximately 2 and 5 km, with a maximum at about 4.5 km. It was identified as a 

dust layer, based on the air-mass backtrajectory was calculated to find the corresponding aerosol source region. 

Selected vertical profiles of the aerosol backscattering coefficient, and of the corresponding profiles of dust mass 

concentration obtained from DREAM model simulations, are presented in Figure 3. It should be noted that their 

comparison is only qualitative as we did not attempt to calculate the backscattering coefficient from the DREAM 

model results due to its high sensitivity to aerosol chemistry. The averaging of LIDAR signals for the analysis of 

the presented data was performed in 30minute intervals centered at the time of the model result. The dust layer 

boundaries were determined following the procedure described by Mona et al. (2006). The backscattering 
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coefficients showed that the layer descended during the course of the dust episode, and indicated an entrainment 

of dust into the PBL on July 7th. Dust mass concentrations resulting from the DREAM model showed a similar 

vertical pattern as the LIDAR measurements and a notable increase of dust concentration at altitudes below 2 km 

on July 7th.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a, c, d) Vertical profile of aerosol backscattering coefficient from LIDAR measurements in Belgrade 

(blue line) and the corresponding profile of dust concentration from the DREAM model (red line); horizontal lines 

indicate dust layer base and top, while symbols show the positions of the dust layer’s center of mass as calculated 

from LIDAR measurements and the DREAM model (b) 72hour airmass backtrajectory arriving at a 4 km altitude 

over Belgrade on July 5, 2014, at 15 UTC (corresponding to profile (a)). 

Figure 3 also shows altitudes of the dust layer center of mass, based on LIDAR measurements and the DREAM 

model. In the case of LIDAR measurements, it was calculated as a backscattering-coefficient-weighted altitude, 

according to: 

𝑧𝑐 =
∫ 𝑧 ∙ 𝛽(𝑧)𝑑𝑧

𝑧𝑡

𝑧𝑏

∫ 𝛽(𝑧)𝑑𝑧
𝑧𝑡

𝑧𝑏
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where zb and zt are the altitudes of the base and the top of the dust layer and β(z) is the aerosol backscattering 

coefficient at altitude z. To minimize the effect of anthropogenic pollution, the center of mass from the LIDAR 

measurements was calculated only for the elevated layer. The dust’s centre of mass from the DREAM model was 

calculated taking into account the entire dust profile.  

Daily mass concentration of PM10 at ground level showed a similar trend at three air quality monitoring stations in 

Belgrade, with an increase during the dust episode (Figure 4). The increase started on July 6th, and the maximum 

was reached on July 7th, exceeding the 95th percentile of the summer (June, July and August) 2014 values. 

However, the daily limit value of 50 μg m-3, set by the EU Air Quality Directive 2008/50/EC, was not exceeded. 

The increase of PM10 concentration is in agreement with the results of the LIDAR measurements, and the DREAM 

model, which indicated a settling of the dust plume (as shown in Figure 3). For comparison, daily average dust 

mass concentrations at the surface, obtained from the DREAM model, are also shown in Figure 4. They showed a 

similar trend as measured PM10 concentrations, increasing by 11 μg m-3 during the dust episode, while measured 

PM10 increased by 15 to 17 μg m-3 at the three monitoring stations. Larger measured PM10 concentrations, compared 

to surface dust concentrations from the model, were attributed to sources other than mineral dust.  

  

Figure 4. (left panel) Daily average dust surface concentration values from the DREAM model and PM10 

concentrations from three air quality monitoring stations in Belgrade. (right panel) Boxplot of PM10 concentrations 

during summer (June, July, August) of 2014 at three monitoring stations in Belgrade; the extent of the box indicates 

the 25th and 75th percentiles, the central line represents the median value, while the whiskers indicate the 5th and 

95th percentiles; the points represent the mean values. 

CONCLUSION 

We present analysis of a dust intrusion episode that was observed over Belgrade on July 5-7, 2014. The satellite 

measurements showed that the dust plume extended to western and central Europe. A distinctly elevated dust layer, 

extending at altitudes of approximately 2-5 km, was observed on July 5th using ground-based LIDAR in Belgrade. 

The layer altitude decreased during the dust episode, with the centre of mass altitude decreasing from approximately 

4 km to below 3 km. The LIDAR measurements indicated entrainment of dust into the PBL on July 7th, the last 

day of the episode. The vertical distribution of dust and its temporal evolution over Belgrade was reproduced well 

by the DREAM model. The observed daily PM10 concentrations at three monitoring stations in Belgrade showed 

an increase of 15-17 μg m-3, while dust was settling down during the episode as indicated by LIDAR measurements. 

Dust surface concentrations obtained from the DREAM model showed the same trend as measured PM10 

concentrations, with a smaller increase (11 μg m-3), during the episode: This difference was attributed to the 

contribution of other aerosol types to the observed PM10 concentrations.   
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model and READY website (http://www.ready.noaa.gov), used in this publication. Analyses and visualizations of 

MODIS data used in this study were produced with the Giovanni online data system, developed and maintained by 

the NASA GES DISC. CALIPSO data were obtained from the NASA Langley Research Center Atmospheric 

Science Data Center. 
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Particulate matter of diametar <2.5 µm (PM2.5) pol-
lution is recognized as one of primary pollution contam-
inant which directly affect human health. Toxic and car-
cinogenic elements originating from different pollution 
sources can be constituents of PM2.5. Because of their 
small size, particles can penetrate deeper into the lungs 
and enter the bloodstream causing different disorders 
and threats to human health [1].

We performed elemental characterization of PM2.5 
samples collected during the spring/summer sea-
son 2019 in a suburban part of Belgrade (in the inner 
courtyard of Institute of Physics Belgrade). The spring/
summer period was characterized by the industrial or 
different outdoor activities with several Saharan dust 
episodes. In addition, April and October were partly 
characterized by heating sources.

The quartz filters with PM2.5 were digested by the 
microwave digestion system using 7 mL 65% HNO3 
and 1 mL 30% H2O2. The concentrations of Al, B, Ba, 
Bi, Ca, K, Fe, Mn, Ni, P, S and Sr were measured using 
inductively coupled plasma-optical emission spectrom-
etry (ICP-OES), while concentrations of Ag, As, Be, 
Cd, Co, Cu, Cr, Hg, Pb, Se, Sb and Tl were measured 
using inductively coupled plasma mass spectrometry 
(ICP-MS).

The non-carcinogenic and carcinogenic risks for 
residents and for five different types of workers (out-
door, indoor, composite, construction and excavation 
workers) in this ambient were assessed by equations 
provided by The Risk Assessment Information System 
– RAIS [2].

Comparing the investigated scenarios, the highest 
non-carcinogenic and carcinogenic risks were observed 
for the residents. There were observed non-carcinogenic 
(HI>1) and carcinogenic (R≥1×10-5) risks for the res-
idents from this area. The residents spent the most of 
their time in this ambient and they are most at the risk 
caused by the measured PM2.5 pollution (HImedian: 2.28; 
Rmedian: 1.25 × 10-4). Observing the scenarios for work-
ers, the risk mostly depends on the time that workers 
spent outside during working hours. Similar non-car-
cinogenic risks were observed for outdoor, indoor and 
composite workers, slightly higher risk was observed 
for construction workers, while the lowest risk was ob-
tained for an excavation worker who is less exposed to 
the PM2.5 atmospheric deposition than soil dust resus-
pension. The same was observed for the carcinogenic 
risk, while the similar risks were observed for all work-
ers. Only for an excavation worker, the carcinogenic 
risk was significantly lower than for other workers. The 
most significant contributor to the non-carcinogenic risk 
in all scenarios was the concentration of Mn, and then 
the concentration of Be, while the most significant con-
tributor to the carcinogenic risk was Cr6+.

Observing the risks among the investigated period 
the highest non-carcinogenic and carcinogenic risks 
were observed in April and October based on the tox-
ic and carcinogenic elements in PM2.5. In these months 
beside the influence of the industrial activities, dust 
episodes or activity of heating sorces possibly caused 
the increase of the toxic and carcinogenic elements in 
PM2.5.
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Mineral dust particles in the atmosphere have a large influence on the physical properties of

clouds and their lifecycle. Findings from field experiments, modeling, and laboratory studies

suggest that mineral dust particles are very efficient ice-nucleating particles (INPs) even in regions

distant from the desert sources. The major sources of mineral dust present in the Mediterranean

basin are located in the Sahara Desert. Understanding the significance of mineral dust in ice

initiation led to the development of INPC parameterizations in presence of dust for immersion

freezing and deposition nucleation processes. These parameterizations were mineralogically

indifferent, estimating the dust ice nucleating particle concentrations (INPCs) based on dust

concentration and thermodynamic parameters. In recent studies, feldspar and quartz minerals

have shown to be significantly more efficient INPs than other minerals found in dust. These

findings led to the development of mineralogy-sensitive immersion freezing parameterizations. In

this study, we implement mineralogy-sensitive and mineralogically-indifferent INPC

parameterizations into a regional coupled atmosphere-dust numerical model. We use the Dust

Regional Atmospheric Model (DREAM) to perform one month of simulations of the atmospheric

cycle of dust and its feldspar and quartz fractions during Saharan dust intrusion events in the

Mediterranean. EARLINET (European Aerosol Lidar Network) and AERONET (AErosol RObotic

NETwork) measurements are used with POLIPHON algorithm (Polarization Lidar Photometer

Networking) to derive cloud-relevant dust concentration profiles. We compare DREAM results with

lidar-based vertical profiles of dust mass concentration, surface area concentration, number

concentration, and INPCs. This analysis is a step towards the systematic analysis of dust

concentration and INPC parameterizations performance when compared to lidar derived vertical

profiles.
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8.3 A STUDY ON TROPOSPHERIC AEROSOLS CHANGE DURING THE COVID-19 LOCK-

DOWN PERIOD: EXPERIENCE FROM EARLINET MEASUREMENT CAMPAIGN 

Z. Mijić, M. Kuzmanoski, L. Ilić 

Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 

zoran.mijic@ipb.ac.rs 
 

To slow down the rate of spread of corona virus, most of the countries in Europe have followed partial-to-

complete lockdown measures in 2020. The lockdown period provided a unique opportunity to examine the 

effects of reduced anthropogenic activities on changes in the atmospheric environment. Aerosol lidars with 

their high temporal and vertical resolution, provide reliable information on the atmospheric structure, its 

dynamics, and its optical properties. The European Aerosol Research Lidar Network, EARLINET, was 

established in 2000 as a research project with the goal of creating a quantitative, comprehensive, and 

statistically significant database for the horizontal, vertical, and temporal distribution of aerosols on a 

continental scale (Pappalardo et al., 2014). EARLINET is part of ACTRIS (Aerosols, Clouds and Trace gases 

Research Infrastructure) a pan-European initiative consolidating actions among European partners producing 

high-quality observations of aerosols, clouds and trace gases. 

As a part of the ACTRIS initiative for studying the changes in the atmosphere during the COVID-19 lockdown 

period in May 2020 a dedicated EARLINET measurement campaign was organized in order to: monitor the 

atmosphere’s structure during the lockdown and early relaxation period in Europe, and to identify possible 

changes due to decreased emissions by comparison to the aerosol climatology in Europe. During the campaign 

the near-real-time (NRT) operation of the EARLINET was demonstrated following previous experience from 

the EUNADICS-AV exercise (Papagiannopoulos et al., 2020). The Belgrade lidar station (Ilić et al., 2018) 

participated in the campaign together with 21 EARLINET stations providing vertical aerosol profiles twice per 

day (minimum two hours measurements at noon, and minimum two hours after sunset). The measurements 

were submitted and processed by the Single Calculus Chain (SCC) in the near-real-time. The SCC is a tool for 

the automatic analysis of aerosol lidar measurements developed within EARLINET network (D'Amico et al., 

2015, D'Amico et al., 2016). The main aim of SCC is to provide a data processing chain that allows all 

EARLINET stations to retrieve, in a fully automatic way, the aerosol backscatter and extinction profiles 

(measures of the aerosol load) together with other aerosol products. This first analysis was based on the data 

processed by the SCC and directly published on the THREDDS server in NRT. The preliminary analysis made 

on aerosol lidar data shows that by simply comparing the observed backscatter values with the climatological 

values from 2000-2015 is not sufficient to extract a clear conclusion on how much the COVID-19 lock-down 

has impacted the aerosols in the atmosphere, but a certain effect for low troposphere can be seen. Beyond the 

scientific goals of this campaign, the actions organized by EARLINET/ACTRIS (NRT delivery of the data and 

fast analysis of the data products) proved that aerosol lidars are useful for providing information not only for 

climatological purposes, but also in emergency situations. A more quantitative analysis based on re-analyzing 

additional data products will be made to consolidate the conclusions. 
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The Sahara Desert is the major source of mineral dust, which is a significant portion of

atmospheric aerosol. Mineral dust particles play a role in radiative balance, with a direct effect and

by influencing cloud formation and lifetime. They have been recognized as highly efficient ice

nuclei, fostering the development of parameterizations for immersion and deposition freezing

involving dust particles. Feldspar minerals have shown to be a significantly more efficient ice

nucleating agents than other dust minerals which led to the development of a ‘mineralogy

sensitive’ immersion freezing parameterization. The investigation of the relative efficiency of

quartz compared to feldspars for the immersion ice nucleation, based upon literature data and

new experiments, led to the development of a new parameterization to be applied to mineral dust

concentrations. Within numerical models, explicit simulation of mineral dust fractions enables the

use of ‘mineralogy sensitive’ immersion parameterizations.

The operational DREAM model calculates the number of ice nuclei,but does not take into

consideration the mineral composition of dust. In this study, instead, we use DREAM model to

simulate the atmospheric cycle of feldspar and quartz fractions of dust. Dust mineral composition

is used to calculate ice nucleating particle concentrations based on mineral-specific immersion

freezing parameterizations. A case study related to the observations of geometrical and

microphysical characteristics of the clouds formed in the Mediterranean, in April 2016 is

considered. We compare the model results with ice nucleating particle concentrations retrieved

using lidar and radar ground-based remote sensing observations at Cyprus and Potenza. The

analysis explores how the mineral composition of dust and the parameterization of its effects on

ice initiation could further improve ice nucleation representation in numerical models.
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9.3. MODELING OF IMMERSION FREEZING INITIATION ON MINERAL DUST IN DUST 
REGIONAL ATMOSPHERIC MODEL (DREAM) 

L. Ilić (1), A. Jovanović (1), M. Kuzmanoski (1), S. Ničković (2)
(1) Institute of Physics, University of Belgrade, Belgrade, Serbia, (2) Republic Hydrometeorological Service of

Serbia – South East European Viertual Climate Change Center, Belgrade, Serbia 
luka.ilic@ipb.ac.rs 

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

The calculation of the number of ice nuclei in the operational DREAM model is based on atmospheric parameters 
and on dust concentration (Nickovic et al, 2016). The immersion and deposition ice nucleation parameterizations 
due to dust have been implemented in the model, not taking into consideration the mineral composition of dust. 
In this study, we use DREAM model to simulate atmospheric cycle of different mineral fractions of dust. Dust 
concetration, thermodynamic quantities and dust mineral composition are used to calculate ice nucleating particle 
concentration based on mineral specific immersion freezing parameterizations. We compare the model results 
with relevant observations from remote sensing instruments and ice nucleation chambers. We analyze the results 
to explore how the mineral composition of dust and appropriate parameterization of its effects on ice initiation 
could further improve ice nucleation representation in the model. 
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Sci., 69, 3077–3092. 
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10.2. A CLIMATOLOGY OF SATELLITE DERIVED AEROSOL OPTICAL DEPTH OVER 
BELGRADE REGION, SERBIA 

Z. Mijić, A. Jovanović, M. Kuzmanoski, L. Ilić
(1) Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia,

zoran.mijic@ipb.ac.rs 

Suspended particulate matter (PM) in the atmosphere, commonly known as atmospheric aerosol plays one of the 
most important roles in climate change, air quality, and human health. Atmospheric aerosol affects climate through 
the direct (scattering and absorption both solar and terrestrial radiation) and indirect effects (modification of cloud 
through aerosol-cloud interaction) introducing one of the major uncertainty in our quantitative understanding of 
the radiative forcing (IPCC, 2007). Numerous studies have shown a significant association between particle matter 
concentrations and health risk especially airborne particle matter with diameter less than 10 µm (PM10) and 2.5 
µm (PM2.5) (Yang еt al. 2018). As the evidence base for the association between PM and short-term, as well as 
long-term, health effects has become much larger and broader, it is important to regularly update the guidelines 
for PM and PM-bound components limit values. Usually ground-based monitoring networks are used for PM 
assessment but still with no adequate spatial and time coverage. For the last decade various studies have been 
conducted to overcome this problem and to get PM estimates from satellite measurements (Kumar et al. 2007, Li 
et al. 2015). One of the most important aerosol products retrieved from satellite measurement is aerosol optical 
depth (AOD) which is the integration of the aerosol extinction coefficient from the Earth’s surface to the top of 
the atmosphere, and it represents the attenuation of solar radiation caused by aerosols. The relationship between 
AOD and surface PM concentrations depends on various factors, including aerosol vertical distribution, aerosol 
type and its chemical composition, as well as its spatial and temporal variability, which are governed by spatio-
temporal distribution of emissions and meteorological conditions (Kong et al., 2016). Due to their short lifetime 
and the large variability in space and time it is necessary to establish a climatology of the aerosol distribution both 
on regional and global scale thus satellite-retrieved AOD has become an important indicator of ground-level PM 
and aerosol burden in the atmosphere. The Moderate Resolution Imaging Spectroradiometer (MODIS) is aboard 
two polar orbiting satellites Terra and Aqua and measures the upwelling radiance from the Earth–atmosphere 
system at 36 wavelength bands, ranging from 0.4 to 14 µm. MODIS provides a daily near-global distribution of 
AOD over both ocean and land (Sayer et al., 2013). In this study long-term temporal variation and trend of AOD 
over Belgrade region are presented. Monthly mean values of MODIS aerosol optical depth at 550 nm were 
examined for the 10 year period 2005–2015. The MOD08 Combined Dark Target and Deep Blue AOD data 
products from MODIS Terra platform (Collection 6.1, Level 3 AOD data downloaded through NASA 
GIOVANNI web portal https://giovanni.gsfc.nasa.gov/giovanni/) at 1 degree spatial resolution were utilized. 
Frequency distributions of the AOD values were examined together with monthly and seasonal variations. The 
annual AOD mean was 0.17 with standard deviation of 0.07 over ten year period. AOD values exhibited seasonal 
annual mean variation and slightly negative trend. Significant monthly AOD variability is observed with 
maximum in August (∼0.28) and a minimum in winter months (∼0.06). Analysis of long term time series of AOD 
data could reveal how AOD regarding ground-based PM measurement in Belgrade changes over time. The aerosol 
climatology can be useful in the climate change assessment, weather and environmental monitoring over Belgrade 
region with the potential for further application in particle matter estimates from satellite measurement.  
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10.8. CASE STUDY OF THE VERTICAL DISTRIBUTION OF SAHARAN DUST OVER 
BELGRADE 

A. Jovanović, L. Ilić, M. Kuzmanoski, Z. Mijić
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 

aleksandar.jovanovic@ipb.ac.rs 

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

In this study, four episodes of long-range transport of Saharan dust to Balkans will be investigated based on results 
of numerical model and available ground-based measurements. Synoptic circulation patterns and airmass 
backtrajectories during these events will also be analyzed. For dust forecast, we used the Dust Regional 
Atmospheric Model – DREAM. The model was developed to predict the concentration of dust aerosol in the 
troposphere, and includes processes of dust emission, dust horizontal and vertical turbulent mixing, long-range 
transport and dust deposition (Ničković et al., 2001). Modeled dust concentration vertical profiles and 
concentrations at surface level during the selected events will be discussed. A qualitative comparison of modeled 
dust vertical profiles and results of LIDAR (Light Detection and Ranging) measurements in Belgrade will be 
presented. Furthermore, comparison of modeled dust surface concentrations with the measurements of PM10 
particle mass concentration in two urban background stations in Belgrade will be shown, to give insight into the 
effect of dust on air quality during these dust episodes. 
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Modeling of mineral composition effects on ice nucleation due to dust in
Dust Regional Atmospheric Model (DREAM)
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Mineral dust comprises a significant part of global aerosol burden. There is a large uncertainty in estimating role of
dust in the Earth’s climate system, partly due to its effects on radiation and cloud formation. Research showed that
mineral dust was found in the samples of residual particles from cloud ice crystals collected by aircraft measure-
ments. These results indicated that dust particles dominate over other known ice nuclei such as soot and biological
particles even in regions distant from desert sources. Most recently, due to recognition of the dominant role of dust
as ice nuclei, parameterizations for immersion and deposition icing specifically due to dust have been developed.
The icing process is strongly influenced by dust mineral composition. A breakthrough in understanding the role of
different minerals was made by Atkinson et al. [Nature, 498, 355–358 (2013)], showing that feldspars are at least
by an order of magnitude more efficient nucleating catalysts than other dust minerals. This contrasts with the pre-
vailing view that clay minerals are the most important component of atmospheric mineral dust for ice nucleation.
The calculation of the number of ice nuclei in the operational DREAM model is based on atmospheric parameters
and on dust concentration. The immersion and deposition ice nucleation parameterizations due to dust have been
implemented in the model not taking into consideration the mineral composition of dust.
In this study, we use DREAM model with incorporated particle mineral composition to calculate ice nuclei num-
ber concentrations. Our study is focused to explore if the Atkinson’s parameterization could further improve ice
nucleation representation in the model. We compare the model results with relevant observations from remote
sensing instruments. Synergistic sun-photometer and lidar measurements and cloud radar observations are used to
explore the model capability to represent vertical features of the cloud and aerosol vertical profiles. In addition,
MSG/SEVIRI ice water path satellite observations (Meteosat Second Generation the Spinning Enhanced Visible
and InfraRed Imager) will be used to evaluate horizontal distribution of modeled IN.
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Vertical Raman LIDAR profiling of atmosphericaerosol optical properties over 

Belgrade 
 

Z. Mijić, L. Ilić and M. Kuzmanoski 
Institute of Physics,Belgrade, Serbia 

e-mail:luka.ilic@ipb.ac.rs 
 

The direct radiative effect due to aerosol–radiation interactions is the change in radiative flux caused by the 

combined scattering and absorption of radiation by anthropogenic and natural aerosols. Due to their short lifetime 

and the large variability in space and time atmospheric aerosols are considered one of the major uncertainties in 

climate forcing and atmospheric processes [1]. For radiative studies it is necessary to measure aerosol optical 

properties, size, morphology and composition as a function of time and space, with a high resolution in both 

domains to account for the large variability. Lidar (Light Detection And Ranging), an active remote sensing 

technique, represents the optimal tool to provide range-resolved aerosol optical parameters. Large observational 

networks such as the European Aerosol Research Lidar Network (EARLINET) [2], the Aerosol Robotic Network 

(AERONET), provide the long-term measurement series needed to build a climatology of aerosol optical 

properties at the continental and global scales.  
In order to assess the origin and type of aerosols which travel over Balkan region, having an impact on 

modification of the regional radiative budget, case studies combining measurements at the EARLINET joining 

lidar station in Belgrade with atmospheric modeling have been analyzed. For vertical profiling and remote sensing 

of atmospheric aerosol layers the Raman lidar system at the Institute of Physics Belgrade (44.860 N, 20.390 E) has 

been used. It is bi-axial system with combined elastic and Raman detection designed to perform continuous 

measurements of aerosols in the planetary boundary layer and the lower free troposphere. It is based on the third 

harmonic frequency of a compact, pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 

20 Hz repetition rate. The optical receiver is a Cassegrain reflecting telescope with a primary mirror of 250 mm 

diameter and a focal length of 1250 mm. Photomultiplier tubes are used to detect elastic backscatter lidar signal at 

355 nm and Raman signal at 387 nm. The detectors are operated both in the analog and photon-counting mode and 

the spatial raw resolution of the detected signals is 7.5 m. Averaging time of the lidar profiles is of the order of 1 

min corresponding to 1200 laser shots. Lidar measurements can be used in synergy with numerical models in order 

to validate and compare information about aerosols. In this paper DREAM (Dust Regional Atmospheric Model) 

model, designed to simulate and/or predict the atmospheric cycle of mineral dust aerosol [3], will be used to 

analyze dust transport. The capability of the lidar technique to derive range-resolved vertical profiles of aerosol 

optical parameters (backscatter and extinction coefficient) with very high spatial and temporal resolution will be 

used to identify the altitude of layers and the temporal evolution of intrusions. Using these altitudes as inputs in air 

mass trajectory model, the source of aerosols can be identified. The additional techniques (satellite remote sensing) 

will be also discussed for selected case-studies. 
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