Real Time Detection of Primary Biological
Aerosol Particles (PBAP) in the context of
atmospheric ice formation

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN
von der Fakultat fur

Bauingenieur-, Geo- und Umweltwissenschaften

des Karlsruher Instituts fur Technologie (KIT)

genehmigte Dissertation
von
M.Sc. Emre Toprak

geboren in Merzifon — Turkei

Tag der mundlichen
Prufung: 11.07.2014

Referent: PD. Dr. Stefan Norra
Korreferent: Prof. Dr. Klaus Schéafer

Karlsruhe (2014)






irm bende kefam bende
Nice nice alem bende
Yazar Jevhi Kalem bende
Madem K ben bir insanim
A2k Lsmaif Daimi

j comfriae science and utterance
g comprise many kinds ?f universe
g comprise the item that writes the zléatiny

Dince j am a human Fez’nj. ..






Acknowledgements

Believing in someone, trusting him for the work ttHae carried out is the greatest
motivation for a young scientist regardless of thgic. Because of his boundless support
and many other reasons that | will not mention heaen grateful to Dr. Martin Schnaiter. |
am also very grateful to Prof. Thomas Leisner foingg me the opportunity to write my
PhD thesis in his group. | am deeply grateful to sapervisor PD. Dr. Stefan Norra for
welcoming to his research group and for the constapport. He is one of the greatest
scientists that someone can meet in the sciestitety. | would like to take this occasion
to thank Prof. Dr. A. Cemal Saydam for introducing to Prof. Leisner and for his endless

support.

| gratefully acknowledge my colleagues at IMK-AAdt their scientific and spiritual
support during my work at the institute. My spedlanks go to Prof. Corinna Hoose for
encouraging me to work deeply on biological aemsahd their importance for
understanding the whole scientific question aboeatriucleation. | would like to thank my
roommate and colleague Paul Vochezer for his utaleig, endless support and for his
friendship.

Speaking German with my colleagues in Germanyseasething special because by
this way it was possible for me to break the icevieen different cultures and to make new
friendships, which guided me through my PhD jourrieam thankful to all my friends for
always being there for me. | am especially gratéduMs. Gulsen Deniz for believing in
me. | know, | was not always the easiest personth@ world. Thanks for your
understanding and for your support. | am grateflMuazzez Merve Yuksel and Associate

Prof. Dr. Ufuk Koca for their endless support amdtignce since the beginning.

My family deserves a big thank-you. Without theupport, their love | could not
have finished my study. | am very proud of myseif because | accomplished a PhD but |

kept my word and preserved my character from dedtion and built up some more



intellectual sites which will guide me through nife lwhen | am looking for the true love.

Thanks to the creator for giving me the abilityse® the reality and to look beyond surface.



Dedication

This dissertation is dedicated to my family. Espkgithe love and the support of my

mother made it for me possible to realize my dre@mglad | have you mom...



Contents

ACKNOWIBAGEMENTS ...ttt st b e bt e e shesae e e e e e ennennas I
D= o [ o= LA o] o S Il
LO70] 1 (= 0| £ TP P PRSP v
ADSEFEACT ...t ettt VIl
ZUSAMMENTASSUNG ...ttt sttt e sae e sb e b e e b e be s e e seesbeeae e e e sbeessebe s e ennas IX
(O T T o) (=t RSP RR 1
INTRODUCTION. ...ttt ittt e e e e e e eeetat e e e e e e e eeeeemans b e e e e e e eeeeb b e e e e e e e eeessbnn e s aaaaaeaeeeenenes 1
L. AABTOSOIS ..ttt e e e e e e nnn e e e 1
1.1. Biological AErOSOIS .......ccooiiiiie i 2
2. Long range transport (LRT) of biological aer@sal..............ccccuviiiieieieeennnnns 4
3. Ice nucleation and biological iCe NUCIEI ........cceviiiiiiiiiiiiiiii e 5
4. SCOPE Of the STUAY ...vvvvviiiiiiiiiiiiit e et ettt eeeeaaae e e e as 6
(04 T T o) (= U STTRTRUOUPRT 8
IMIETHODS. ..ttt ettt ettt e e e e et ettt e e e e e e et et e e e e ee e e e eeeeeeennnnna e eas 8
1. OnliNe MEtNOUS ......coiiiiiie e e eren e e e e e e aeeees 8
2. The Wideband Integrated Bioaerosol Sensor (WIBS).............cuvevveveinennnns 10
2.1. Calibration and OPeration ..........ccooccccceeeiiiieieee e 13
2.2.  Asymmetry factor (AF) oo 16
3.  WIBS Data Evaluation ProCeaure ..........coccveeeiieieiiiiiie e 17.
(O gF=T o] (< G TSRO PRRR 21
Results and diSCUSSIONS: Part-1........ccoiiieiiriniiniesiisiesiese et s 21
1. Autofluorescence of test @eroSOIS ......coeceoceiiiiiiiiiiiiie e 21
2. AIDA/NAUA cloud simulation and preparation cha@mb ................ccceeveeeee 21

3. Preparation of the dust samples (pre-activatian)..............ccccccvvvevvieienennnnn. 22



4. TSt ACIOSOIS ... ettt 23
4.1.  Ammonium sulfate and fungal SPOres.....cccccciviiiiiiiiiiiiiiiiiiiiiieieeeeeee, 23
4.2.  Soot and ammonium SUlfate ............cccceeiiiiiiiiii 52
4.3.  DUSEAEIOSOI ....ccoiiiiiiiiiii e e 27
4.4, Bacteria and SNOMAX ..........uueeiieieemimiiiirrieieeeeesees i e eee e e s s e nees 31
4.5.  Analysis of pre-activated dust SAMPIES mceeeeeceeeeeeiveeiiiiiiieeeeeeeeei, 33
4.6. Conclusions and SUMMAIY ...........coiieeeeeeevrrnnrrrninnnennnenennnnnennnnnan. 35.
(O T T o) (= RS PRR 37
Resultsand diSCUSSIONS: PArt-2 ........cccoiiiirieiiriiresesee et s se e 37
1. Field CAMPAIGNS ...ccooiiiiiiiiiiiii e eeeeeee e e e 37
1.1. Eggenstein-Lepoldshafen in Karlsruhe ......ccccoooooviiiiii, 37
1.2. High altitude research station Schneefernerd&sS)........................... 38
1.3.  High altitude research station Jungfraujoch................ccccoe 39
2. Aerosol number coNCeNtrationsS ...........ooeiieiiiiiiiiiieiiiiieieeiieeeeeeeeieeeeeeeiees 39
3. Aerosol number size distributions ... 4B
4. DiIurNal PAEEINS ... oo e 51
5. Correlation of bioaerosols with meteorologicatgmeters............cccceeeeeeeennn. 55
6. Size segregated asymmetry factor (Af) dat@...c......cooooveveiiiiiiiii, 59
7. Size dependence Of FBAP/TAP Fatio .........cceeieiiiiieeieeee e 2.6
8.  CoNnclusions and SUMMAIY .........cooiiiiieiieieee e 63
(O gE=T o (< TP UP PP 66
Monitoring and characterization of extremedust eventsat JFJ .........cccevvvcveveecieenen, 66
1. Scientific MOIVALION ..........coiiiiiiit e ee e e 66
2. Data analysis Method...........cccoiiiiimmrmieeiiiiiiiiiieiieeeceeeeeeeee e 67
3. Bioaerosols during SDE Periods...........ccceccceeeeiiiiiiieieeeeeeeeeeeeeeeeee e, 70
3.1, Saharan dust event 01 ..........c.c.uuieeeecce e 71
3.2, Saharan dust eVent 02 ..............uueeeeceec it 75

3.3. Saharan dUuSt BVENT O3 .....onieie e e e aeeens 76



Vi

3.4.  Saharan dust eVent 04 .............ooeooccrmmriiiiiiiee e 78

3.5.  Saharan dust event 05............oooioocrmmiiiiiiee e 79

4. Summary and CONCIUSIONS ........cuuiiiiiieierrenieeeee e e ee e eee e eeeeeeeeeeeees 80
Executive summary and OULIOOK ...........ccooiriiiiirieee e e 82
N o] o= o o [ QUSRS ST RPN 84
N ] 0= o [ = SRS 85
LISt OF FIQUIES ..t ettt st b e s e b e ae e e sbeene e e e srenneans 89
LISt Of TADIES ...t e e 95
REFEIEINCES.......ceec s 96



Vi

Abstract

Primary Biological Aerosol Particles (PBAP) includeveral microorganisms either dead
or alive. That the most ice nucleation active sasts are the biological ones makes the
PBAP important, not in global scale but maybe mioaal scale. They can also act as giant
cloud condensation nuclei (GCCN). There is stiljoing research about the diversity of
biological aerosols. Their complex structure makedifficult to detect and characterize
with high time resolutions. Ultra violet light/lasenduced fluorescence (UV-LIF) method
is used lately for detection of PBAP. Although tb&/-LIF method does not provide
information in species level it is a great toobsein information about biological aerosols in
real time. In this study the latest prototype vamsof the wideband integrated bioaerosol
sensor (WIBS4) has been operated during three cotige field campaigns at different
locations and different altitudes and as well adeurcontrolled laboratory conditions. At
each location spatial and temporal variability lofofescent biological aerosols have been
studied. Starting with laboratory tests includireglrtime detection of several biological
aerosols (i.e., bacterial strains, fungal sporegn&x) and non-biological aerosols (i.e.,
ammonium sulfate, Saharan dust, cast soot, Arid@sa Dust) sensitivity of the WIBS has
been inspected. After that three field campaigrachefor almost one year) have been
performed. Sampling locations are a semi-ruralrsti@r Karlsruhe (Germany), at Zugspitze
research station (near Austria border), and at fdamgch (JFJ) research station (high
alpine research station in Switzerland) respedtivBluring each field campaign single
particle fluorescence data were collected. A neta daalysis routine has been written and
applied to all data. It has been found that in &mathe the biological aerosols are strongly
correlated with relative humidity. The maximum Hasen observed in summer and the
minimum in winter season. At Zugspitze no seasonalas been seen. However similar
dominating mode for biological aerosols was sege@ally in summer season when the
sampling site was lying within planetary boundagydr. As expected the number
concentration of biological particles was the lotnagshe JFJ station since the sampling site
lies most of the time in free troposphere. Follayvithe results of cloud simulations
conducted at the AIDA cloud simulation chamber, &ah dust events (SDE) at the JFJ
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station were observed. Bioaerosol number concemtratcreased clearly during the SDE.

Finally by using the new ice selective inlet and WIBS4, during a SDE the bioaerosols
have been investigated for the ice residuals. @tie of number of fluorescent particles to

total aerosol concentrations have also been cadtul&his study clearly shows the first

indication for the enrichment of biological paréslin the ice phase, especially for particles
between 1 and 5 pm.



Zusammenfassung

Zur Gruppe der priméren biologischen Aerosolpal{fRB8AP) gehtéren mehrere lebendige
oder tote Mikroorganismen. Die Tatsache, dass désten eisnuklerienden Substanzen
biologischen Ursprungs sind, macht die PBAP wenagéreiner globalen, vermutlich aber
auf einer regionalen Skala wichtig. Aulerdem kdnkese Partikel auch als Giant
Wolkenkondensationskeime (GCCN) fungieren. Die Bsitéat von biologischen Aerosol
Partikeln ist immer noch Gegenstand aktueller Famg. |hre komplexe Struktur
erschwert eine zeitlich hochaufgeloste Detektiod Charakterisierung. Die Ultra violet
light/laser induced fluorecence (UV_LIF)- Methodé&dvseit Kurzem zur Detektion von
PBAP’s verwendet. Obwohl die UV-LIF Methode nichir Unterscheidung einzelner
Arten verwendet werden kann, liefert sie Informa#io Uber biologische Partikel in
Echtzeit. In der vorliegenden Arbeit wurde die @&iste Prototypen-Version des wideband
intergrated bioaersol sensor (WIBS4) in drei Fehdgagnen an unterschiedlichen
Standorten und HoOhen Uber dem Meer sowie unterrdiiatten Laborbedingungen
betrieben. An jedem Standort wurde die raumliched weitliche Variabilitdt von
fluoreszierenden biologischen Partikeln untersubie. Empfindlichkeit des WIBS wurde
zuvor in Laboruntersuchungen, die die Echtzeitdeirkvon mehreren biologischen
Aerosolen (z.B.: Bakterienstamme, Pilzsporen, Snawymnd nicht biologischem Aerosol
(z.B.: Ammoniumsulfat, Saharastaub, Ruf3abgas, A&zZlest Dust) umfassten, untersucht.
Im Anschluss wurden drei Feldkampagnen mit einersa@®umfang von fast einem Jahr
durchgeflihrt. Die einzelnen Messorte waren: eitéhdlicher Standort in der Nahe von
Karlsruhe, Deutschland, auf der Umwelt Forschurgest Schneefernerhaus, Zugspitze,
Deutschland, und auf der Hochalpinen Forschungsstatingfraujoch (JFJ), Schweiz. Bei
diesen Kampagnen wurden Einzelpartikel FluroseZeéaten aufgenommen. Aul3erdem
wurde im Rahmen dieser Arbeit eine neue Datenadgmgsroutine entwickelt und zur
Analyse aller Datensétze verwendet. Bei den Messumg Karlsruhe wurde festgestellt,
dass das Auftreten von biologischen Partikeln staitider relativen Feuchte korreliert. Die
Konzentration von biologischen Partikeln hat einkMaum im Sommer und ein Minimum

im Winter. Auf der Zugspitze konnte kein Jahresgéegigestellt werden. Allerdings tritt



dort eine ahnliche dominierende Mode auf, besondemsn der Messort innerhalb der
planetaren Grenzschicht liegt. Wie zu erwarten waayr die Anzahlkonzentration von
biologischen Partikeln auf dem Jungfraujoch an mgsten, da dieser Standort fast

durchgangig in der freien Troposphare liegt.

Ausgehend von Erkenntnissen die in Wolkensimulagaperimenten an der AIDA
Wolkenkammer erzielt wurden, konnten auf dem Jungbch Sahra Dust Events (SDE)
identifiziert werden. Wahrend des SDE waren die altizonzentration von biologischen
Aerosol Partikeln sehr deutlich erhoht. AbschlieBerurde die Kombination eines neuen
Eis selektiven Einlassens und des WIBS dazu vereterdie Rolle von Bioaerosolen bei
der Eisnukleation zu untersuchen. Dabei wurde dashaltnis von biologischen-zu
Gesamtaerosolpartikelkonzentrationen berechnet.Rethmen dieser Studie wurde ein
eindeutiger erster Hinweis auf eine Anreicherungh umologischen Partikeln in der
Eisphase, besonders im GroRenbereich zwischen b puna, gefunden.



Chapter 1

| ntroduction

1. Aerosols

Aerosols consist of fine solid or liquid particldspersed in a gas. Atmospheric aerosols
have a wide variety of sources. These sources reagither natural or anthropogenic.
According to their formation and release to the cgphere, atmospheric aerosols can be
grouped into two main categories. Primary aerodolsinstance, are emitted as liquids or
solids from sources such as biomass burning, intEmpcombustion of fossil fuels,
volcanic eruptions, and wind-driven or traffic-reeld suspension of road, soil, and mineral
dust, sea salt and biological materials. Secondargsols, on the other hand, are formed
following a gas-to-particle conversion process Whikes place in the atmosphere (P6schl,
2005).

Aerosols can alter the earth’s radiative forcingsiegttering and absorbing shortwave and
longwave radiation. This process is known as thectlieffect. The indirect effect on the
other hand comprises all processes by which aeroaffect microphysical thus the
radiative properties, the number and as well adithdime of clouds by acting as cloud
condensation nuclei (CCN) and ice nuclei (IN) (Ferset al., 2007). Aerosol indirect
effects have been investigated by different re$easc and were summarized with
following two terms; first indirect effect (also &wn as “cloud albedo effect”) and second

indirect effect (also known as “cloud lifetime eff8.

The Third Assessment Report (TAR) of the Intergoweental Panel on Climate Change
(IPCC) in 2001, presented the global primary pketemissions for the year 2000 as 2150
Tglyr for soil (mineral) dust, 3340 Tg/yr for sealts 56 Tg/yr for primary biological
aerosol particles (PBAP) and 54 Tg/yr for biomasmimg (Penner et al., 2001). Sea salt
emissions were estimated later by 12 global moakes6,300 + 200% (Textor et al., 2006).
In a recent review by Despres et al. (2012) itleen suggested that PBAP concentrations



can be higher than that are estimated and importistrepancies exist. Lack of
standardized methods for detecting and charaatgriBBAP can also lead to those
discrepancies in PBAP numbers reported by differes¢archers. Even though the relative
contribution of PBAP to the atmospheric aerosdois they can affect the hydrological
cycle and climate on a regional scale and they mlag an import role in public and
agricultural health. Therefore it is crucial to kn&®BAP concentrations and distributions at
different locations in order to come to a conclasabout the relative importance of PBAP

on climate related processes.
1.1.Biological Aerosols

A clear definition of PBAP was given in a recenviesv by Despres et al. (2012). They
stated that PBAP consist of solid airborne parsideiginated from biological organisms,
including several microorganisms and as well agni@nts of any biological material. The
main candidates of PBAP, their number and masserdrations in air and their typical

particle diameters are summarized in Table 1.1.

Table 1.1 Main candidates of PBAP, their number mads concentrations in air and their

typical particle sizes.

Particle type Number concentration Mass concentration Global emissions  Particle size range
[m] [mg m?] [Tg yr] [Hm]

Bacteria ~16-10 ~ 10t 0.7-28.1 0.5-30

Fungal spores ~ %6-1¢ ~10'-10@ 8- 186 1-100

Pollen ~16-1C ~10 47 - 84 10 -100

Plant debris - ~ 10— 10 - <10

Viral particles ~ 10 ~10° - <100 nm

Algae ~16-10C ~10® - 0.5 um up to 50 m

This chapter aims to give an overview of the rec@etrature about atmospherically

relevant types of PBAP. Information obtained frontime PBAP analyzing methods is still



not in species level. Advantages against conveationethods, limitations and basic
principles of Fluorescence and Ultra-Violet Lighaer Induced Fluorescence (UV-LIF)

methods will be discussed in the following chapter.

The size of PBAP varies from tens of nanometerg.,(@iruses and cell fragments) to
hundreds of micrometers (pollen, plant debris; it&en2005). Because of their small
particle sizes and longer atmospheric residencestie.g., several days, Despres et al.
2012) bacteria are one of the most abundant typd2BAP. Bacteria can interact with
different other atmospheric aerosol classes ané baen reported to vary in number and
type for different environments. For instance, airte viable bacteria were observed in an
urban environment for two years and the numberactdria reported changed from 0.013
to 1.88 organisms-t (Mancinelli and Shulls, 1978). In the same studias been stated
that there was a significant correlation betwees mumber of viable bacteria and the
concentrations of some inorganic oxides (e.g.inixide, nitrogen oxide). Most of the
studies dealing with atmospheric bacterial conegiotns are based on conventional culture
based methods. It has been found that there i$ diaepancy between the total and the
culturable bacterial counts indicating that claasulture based techniques reflect only a
small fraction of the whole atmospheric bactemading (Tong and Lighthart, 1999). In a
minireview Lighthart (1997) has summarized somedrtgnt aspects of bacterial aerosol
research. It has been concluded that only a mnaetién (0.02-10.6%) of the total airborne

bacteria is culturable and the rest is either aeaive but not culturable.

Jaenicke and Matthias-Maser (1993) conducted éiftestudies on PBAP and reported that
the concentrations of bacteria around the citieshaggher than over the country and oceans,
concluding the maximum numbers were reported intédeper whereas the minimum

occurred in March. Lighthart and Shaffer (1995) gegjed that atmospheric bacterial
concentrations can be divided into five time pesi¢g the nighttime minimum, 23:00 to

06:00; (ii) the sunrise peak, 06:00 to 08:00; (g midday accumulating concentration,
08:00 to 15:15; (iv) the late-afternoon sea bre&sel5 to 17:00; (v) the evening decrease
to the night time minimum concentration, 17:00 ®(®. These periods are taken into

account in case of interpreting ambient bioaerosatentrations in this study.



Fungi also known as common constituents of theoai flora are important members of
PBAP. They have aerodynamic sizes ranging fromva rfecrometers up to ~ 100 pm
(Pady et al., 1967). Wide range of environmentd aag exposed rock, the sea, the North
Pole, and the tropics are inhabited by fungi. Teawbthe necessary nutrient for their
survival they have developed different methods. iRstance, some fungi exist only in
symbiotic relationships (associations in which tetomore organisms are in long-term
interaction to be able to survive) with plant rotmorm mycorrhizae (Hurst, 2007; Elbert
et al.,, 2007). Almost 1 million fungal species assumed to exist on Earth but only a
minor fraction (~10%) has been described to dateggl spores can be divided into four
main groups (phyla); Ascomycota (AM), BasidiomycdiM), Chytridiomycota (CM),
and Zygomycota (ZM). A large amount of fungal spsdbelong to either AM or to BM.
Basidiomycota also known as basidiomycetes commisest 16,000 kinds of fungal
species including mushrooms, puff-balls, brackegfuas well as the plant pathogenic
smuts and rusts. Basidiospores are known to begafie and are suggested to be one of
the main reasons of seasonal respiratory allergye @eneral argument concerning
basidiospores is that the basidispore concentsm@oa found to show seasonal differences
mainly directly correlating with relative humidiffrRH) and with rainfall but only in wet
season (Calderon et al., 1995). During two consexuteld studies Paulitz (1996) has
found that in general higher numbers of ascosp(sesres which belong to Ascomycota
phyla) were released before midnight than afterar&tteristic temperature (°C) and RH
values were reported in the range of 11-30°C an®36, respectively. In contrary to
basidiospore release it has been suggested thatpase releases were not directly

associated with rainfall and continuous humid coods.

2. Long range transport (LRT) of biological aerosols

Wind can carry aerosol particles, either non-biaalgor biological. Within the numerous
biological aerosols especially certain fungal spppollen and some bacterial spores can be
transported over long distances. Despite some ndiifi@rences, transportation mechanism
of bioaerosols is suggested to be similar to thesportation of the mineral dust particles.
This approach is still used for model studies im literature (Despres et al., 2012). Pratt et

al. (2009) suggested that the biological aerosady imcrease the impact of desert dust



storms on the ice formation. With motivation of #®s work, Hallar et al. (2011)
investigated several dust storms at Storm Peak rastny (SPL, 3210 m asl.) in
northwestern Colorado. They have found some sigesitior bioaerosols which may have
been transported via dust storms. In another s8rdith et al. (2011) reported that some
bacterial cells are capable of forming 1 micromeie spores which can serve as a
microbiological fortress to protect the DNA strugtuinside. As it has already been
mentioned in Chapter 1.1, spatial and temporal @onations bioaerosols are not well
known. It is suggested in recent literature thaldgical particles can be transported over
long distances. However there is limited amourdaih to come to a conclusion about LRT
of bioaerosols. To my knowledge this is the finstlahe only study which investigates the
spatial and the temporal variations of bioaerostlthree different altitudes in real time.

The results and the conclusions of this study @anded for upcoming model simulations.

3. Ice nucleation and biological ice nuclei

Clouds play a very important role in human life cginthey contribute to atmospheric
cooling and water cycles directly and indirectlge Iformation is a process that can be
classified in two groups, i.e. homogeneous andrbgémeous ice nucleation. The former
indicates the formation of an ice phase from théewsaapor in the absence of any solid
material which does not occur in the atmospherealmse it requires atmospherically
irrelevant conditions such as very high supers@tima (up to a few hundred percent).
However, the term homogeneous ice nucleation ordgemeous freezing is also used for
the nucleation of ice in pure supercooled watempléts at temperatures below -36 °C.
Heterogeneous ice nucleation on the other handalsanoccur in the subzero temperature
range >-36°C, albeit only in the presence of spesiflid materials which are called as ice
nuclei (IN). In a recent review Hoose and Mohle®12) summarized atmospherically
relevant IN as follows: mineral dust particles, tsdmoaerosols (bacteria, fungal spores,
pollen and diatoms), solid ammonium sulfate, orgaagids and humic-like substances.
Though only a minor fraction of bioaerosols haverbéund to be ice nucleation active
(INA) at subzero temperatures, they have the piatietat initiate ice formation below -5 °C

(Despres et al., 2012). Moreover, Hoose et al. @@@dvestigated the role of biological

aerosols on a global scale using the aerosol-aimmatdel Cam-OSLO and concluded that



the simulated global average PBAP contributiongtetogeneous ice nucleation in mixed-
phase clouds is very small. However, biologicabaels may accompany to solid insoluble
materials and can be transported over large distalerospero et al., 2002; Uno et al.,
2009). It has been found that soil dust aerosolatoimg biological material shows a better
ice nucleation activity than the pure mineral dists, however, noting that the soil sample
with the highest bioaerosol content has been regardt to be the most ice active in the set
of all soil samples (Figure 1.1., Steinke et aQ013). It has been further suggested that
biological ice nuclei are more important at warnemperatures (~255 K) whereas at
colder temperatures the stable organic matter fieptidoglycan or murein in bacterial cell
wall) controls the ice nucleation process. Soiltghasticles are better ice nuclei in presence
of some biological aerosols and the idea that Sahalust storms may carry some
biological particles over long distances becomegsenraportant, especially on high altitude
locations where mixed-phase cloud conditions pteldider the light of these findings it is
crucial to know the number concentration and tke distribution of the biological aerosol
at the JFJ station, especially during Saharanelesits.

4. Scope of the study

The scope of this study is to develop a deeper rstateling of how primary biological
aerosol particles (PBAP) can be detected and clesized at different locations by using a
WIBS instrument in real time. With the motivatioom laboratory experiments that have
clearly indicated the increasing ice nucleationatsly of soil dust aerosol, bioaerosols
have been monitored at different locations (i.e.,ai semi-rural environment, at high
altitude stations such as environmental reseaatiostSchneefernerhaus Zugspitze, and at
Jungfraujoch research station). Starting with testasurements that have been performed
under controlled laboratory conditions, three laagn field campaigns at three different
sites were accomplished, and bioaerosol concemiaths well as size distributions were
discussed in the context of the meteorological tmns$. A standard data analysis routine
has been written in Igor Pro (WaveMetrics Inc., QRSA). The obtained standardized
approach has been applied to the extreme dustpteation events at the Jungfraujoch
high alpine research station. The probability aftsaxtreme dust transportations that occur

at the Jungfraujoch station has been facilitatedgiical methods and model studies (Coen



et al., 2004; Perez et al., 2006a, 2006b). Sciergifestions which have been addressed in
this study are:

Spatial and temporal variations of FBAP:

“ What are the average integrated number concenisafiod the size distributions
of biological aerosol in Karlsruhe (112 m, a.s.&),Zugspitze (2962 m, a.s.l.),
and at Jungfraujoch (3580 m, a.s.1.)?

% Is there any correlation between the biologicabser number concentrations
and the meteorological parameters like temperdfirerelative humidity (RH),
precipitation (mm), and solar radiation (W?)f

* Has any seasonality been observed for FBAP thaé tmeen investigated at

Karlsruhe, Zugspitze, and Jungfraujoch sites?

Correlation of Saharan Dust Events (SDE) and biological aerosol

concentrations at Jungfraujoch (JFJ) station:

s Is there a relation between the SDE and detectemhelwsol number
concentrations?

* What are the possible sources of fluorescent pastmbserved at JFJ?

+ Has an enrichment of the biological particles beleserved in ice crystals?



Chapter 2

M ethods

1. Online methods

Beginning from early eighties there has been gnei@rest in rapid on-line biological
aerosol detection methods. Most of the researctbbas accomplished by army research
laboratories in the USA, in England and in Canddtra Violet Light/Laser Induced
Fluorescence (UV-LIF) method has been applied tonerous biological and non-
biological materials to gain information about dgi@n and discrimination between
different materials. In the use of UV-LIF methotietidea has been constructed on a
general assumption that the autofluorescent pigsneme responsible for the main
fluorescence emission in individual organisms ortip@s. However the type and the
amounts of fluorophores in individual organisms atél not well known. In plants
chlorophyll is the main fluorophore together withgmolic compounds (i.e., pollen wall).
Cytoplasm has been suggested to be the main séurdiiorescence in fungal spores
concluding empty spores do not exhibit any fluoeese (Wu et al., 1984). By its nature,
spores are dormant units that contain minimum amofiniomolecules required to survive
harsh conditions. The fluorescence emission spexdtihe spores has been reported by
Arcangeli et al. (1997) and shown that spores medhbree main fluorescence bands with
peaks at ~ 345 nm (excitation wavelength= 280 nm), at ~ 430 nmdx = 360 nm), and at

~ 510 nm Xex = 460 nm). It has clearly been stated that therfiscence emission
intensities of spores decrease strongly afterimtamh with UV light for 1 h. In the case of
bacteria, amino acids (Tryptophan, Tyrosine, aneénglalanine;iex = 270-300 nm,
emission wavelengthem = 320-350 nm), NAD(P)H\ex = 340-366 nmem = 440-470 nm),
and flavin compounds (Flavin Adenine Dinucleoti@#\D), riboflavin, and flavoproteins;
Lex = 380 nm, 450-488 nniem = 520-560 nm) are the primary fluorescing matsrial
(Pinnick et al., 1995; Pohlker et al., 2012). A maletailed list of fluorescent compounds

can be found elsewhere (P6hlker et al., 2012).



However, classification based only on intrinsicoflescence of molecules is challenging.
First of all, biological aerosols like viruses, @, fungi, pollen, etc. consist of so many
different molecules. Secondly, fluorescence emissjmectra obtained from single particles
may differ from the spectra deduced from mixturedifferent compounds. Brosseau et al.
(2000) have found no correlation between percemréiscence and culturability for tested
bioaerosols. However they have indicated that theweld be differences between
fluorescence of single cells and group of cellsréddwer, atmospheric parameters such as
temperature, relative humidity and sun light aslwsl growth conditions may affect the
spectra obtained. Therefore it may be a challengihgto discriminate same types of
bioaerosols in a mixture. For instance, fluoreseeemission spectra of starved and
unstarved cells were reported to be different freeveral aspects. First, unstarved
organisms fluoresce approximately five times stesripan starved ones. Second, starving
increases the Nicotinamide Adenine Dinucleotide INB-like fluorescence suggesting
that the fluorophores responsible from the emissiothis range should be different from
NADH, and flavonoids which are metabolic compougdserated in living organisms. On
the other hand there are differences in fluoressapectrum of vegetative cells and cell
spores which may provide a more reliable discritnima between bacterial cells and
bacterial sporesB. subtilis vegetative cells have been suggested to fluoresteeen 300
and 400 nm (Tryptophan-like fluorescence) afteiitakon by 266 nm light. These spectral
fingerprints can be used to provide a better disiction between different types of PBAP

in field studies.

Since the relation between intrinsic fluorescertgpe and amount of fluorophores that
biological aerosols contain is of paramount impaee it must be known how fluorescence
intensities vary with changing fluorophore concatims. It has been found that intrinsic
fluorescence intensities increase logarithmicallyithw increasing fluorophore
concentrations. However it is possible that theightrbe a cascade effect (i.e., energy from
emission of one fluorophore is being used to exaiteer fluorophore) when more than one
fluorophore is present in the same medium. For @@nemission from pyridoxine (391-
394 nm) may excite any flavingef = 380 nm) present in the same environment (Landl.
Humphrey, E.A., 1991; P6hlker et al., 2012).
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Although several prototype instruments have beemldped to detect biological aerosols
in real time, only two of them are commercially #afale at the moment. The ultraviolet
aerodynamic particle sizer (UV-APS, TSI, ShorevieMiN, USA) and the wideband
integrated bioaerosol sensor (WIBS, Droplet Meaweard Technologies, Boulder, CO,
USA) have been deployed for several studies (Huffieaal., 2010; Huffman et al., 2012;
Gabey et al., 2010, 2011, 2013; Healy et al., 202P42b; Toprak and Schnaiter 2013).
Following the studies dealing mostly with biolodi@nd non-biological aerosols under
controlled laboratory conditions, Huffman et al01R) operated the UV-APS for a long-
term ambient sampling in central Europe, in Mai@ermany. It has been assumed that
coarse fluorescent particles (>1 pm) measured byAB® are “Fluorescent Biological
Aerosol Particles” (FBAP). FBAP refers to only fhescing biological aerosol and

therefore can be regarded as a lower limit for afheric PBAP.

2. The Wideband Integrated Bioaerosol Sensor (WIBS)

A prototype multi wavelength instrument called Whdad Integrated Bioaerosol Sensor
(WIBS) has been presented by Prof. Paul Kaye anddiiworkers (Kaye et al., 2005). This
first prototype instrument was able to measure ititiensic fluorescence from multiple
particles within a defined volume. Measuring onlyettotal fluorescence emission
following excitation of two optically filtered xemolamps facilitated the design and
operation of airflow systems. However this methoalswot suitable for inhomogeneous
aerosol systems. Therefore a new version (WIBS23 designed and operated under
controlled laboratory conditions (Kaye et al., 2p0& contrary to UV-APS, WIBS2 was
able to provide information for single particlestimee different emission bands. The first
detector provides fluorescence emission informatfon Tryptophan-like substances,
whereas the second and the third detector focue orless on NADH-like molecules and
some other autofluorescent biomolecules. In 2008\nginia Foot and her colleagues
published the results from an improved version dB®/instrument (Foot et al., 2008).
Gabey et al. (2010) deployed the improved versidiBS-3) below and above a tropical
rainforest canopy in Borneo and particle eventsrevtdedefined threshold level have been
exceeded on both FL1 and FL3 fluorescence chanvesis reported as FBAP. In contrary
to the term used by Huffman et al. (2010), FBAPehdobes not represent the viable
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biological aerosol fraction since there is no pshed work dealing with this issue yet.
Viability issue and response of WIBS (version 4iststudy) instrument to different

biological aerosols will be discussed in the cowfsne thesis in detalil.

During the course of the present study the latession of the Wideband Integrated
Bioaerosol Sensor (WIBS4) has been operated to Isasimgle particle bioaerosol data at
different locations. WIBS4 is the latest prototypstrument which has been developed by
the University of Hertfordshire (now licensed byoplet Measurement Technologies,
Boulder, CO, USA). Principally, WIBS4 is a singlarpcle bioaerosol sensor that measures
intrinsic fluorescence from individual particles ¥ et al., 2005; Foot et al., 2008).
Compared to the previous version (WIBS3, Gabeyl.et2810; 2011) the latest version
incorporates several software improvements andigesvbetter fluorescence detection.
WIBS4 has two filtered xenon lamps which are selebt focused at 280 nm (to excite
tryptophan) and at 370 nm (to excite NADH), respety. The xenon lamps have a
maximum repetition rate of 125 Hz. Thus the maximpanticle concentration for which
single particle fluorescence data can be acqugdichited to approximately 2xf@articles
L% In case of higher number concentrations WIBSdaisable of detecting and counting
particles albeit no fluorescence data can be peoviahd those particles detected during
xenon lamps are being charged are labeled as “dhssticles”. Missed particles are taken
into account to calculate the integrated total s&raumber concentrations and treated
carefully so that the deduced ratio of fluoresdentotal aerosol particles is not affected.

This issue will be discussed in this chapter iradlet

Similar to the principle used in UV-APS, WIBS4 ustte UV-LIF method for the

discrimination of biological aerosols from othematspheric aerosols. Resulting intrinsic
fluorescence emitted through single particles omed in three fluorescence channels.
Characteristic excitation and detection rangesctonmercially available instruments and

for a few other prototype systems are summarizédalsie 2.1.



Table 2.1. Comparison of the currently available-U¥ instruments

12

Name/Description Size range Peak excitation  Fluamese detection UV light source
band
UVAPS (TSI, Inc.) 0.8 Da<20 um 355 nm 420-575 nm Laser
BAWS (Lockheed Martin Inc.) 2-10 um 260-280 nm WD nm Laser
400-600 nm
WIBS3 (Gabey et al., 2010) EBe<20 um 280 nm 300-400 nm Xenon lamps w/
400-600 nm UV filters
370 nm 400-600 nm
AFS (Biral, Inc.) 0.5 Do<15 pm 280 nm 330-650 nm Laser
420-650 nm
SPFA (Eversole et al., 1999) Dp0.5 um 266 nm 300-400 nm Laser
400-600 nm
AFSA (Hill et al., 1999) D@1 um 266 nm Continuous 200-700 nm Laser
WIBS4 (Healy et al., 2012; this0.5< D,<13 pum 280 nm 310-400 nm Xenon lamps w/
study) 420-650 nm UV filters
370 nm 420-650 nm
WIBS4 (Healy et al., 2012) 3 Do<31 um 280 nm 310-400 nm Xenon lamps w/
420-650 nm UV filters
370 nm 420-650 nm

Da: Aerodynamic particle size (diameter of a sptarparticle with unit density (1000 kg#inhaving the same

terminal settling velocity under gravity as thetpde under consideration).

Do: Optical particle size (estimated size of p#etigsing either the intensity of scattered lightiore-of-flight of

particle between two laser beams).

Dp: Particle diameter (also used to refer aerodyoa@rticle size).

* High gain (HG) version of WIBS4
** |_ow gain (LG) version of WIBS4
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In a recent review Pohlker et al. (2012) investdapossible biomarkers (fluorophores).
Under the light of their findings, information thatIBS4 provides can be grouped into two
main categories; first fluorescence detection ceb(ifL1) collects signals from common
amino acids such as tryptophar,€286 nm,len= 363 Nm), phenylalanine. =270 nm,
Xen= 296 nm), and tyrosinerd=280 nm, kenm= 307 nm), whereas second and third
fluorescence channels (FL2 and FL3, respectivedyher signals mainly from coenzymes
and vitamins such as NADH=341 nm,Aen= 454 nm), riboflavin Xex=380 nm,Aen=
520-560 nm), vitamin B(Aex=315-345 nmjen= 350-425 nm). There may be some minor
contribution to the FL2 signal from cell wall compuls such as cellulos@e=250-350
nm, en= ~420 nm) whilst chitinXex=335 nm \er= ~410 Nnm) may contribute to FL3 signal

in case of fungi, and insects.

Owing to optical components that have been us8tlIBS, there is always a finite amount
of background fluorescence which can be detectethénabsence of any particle by
operating the instrument in forced trigger modethi forced trigger mode the xenon lamps
are fired at a constant frequency (1 Hz) to measotely the background fluorescence.
Later on the background fluorescence in each chawnile be used to estimate a
background threshold which separates fluoresceslbdical aerosol from non-biological

aerosols.

2.1.Calibration and operation

During the last decade, after the previous militeggearch on the UV-LIF method had
become available, several studies dealing withdrajgitection/characterization of PBAP
were published. One important discussion was altlbet exact calibration of WIBS

instrument with known biological or non-biologicaerosols in order to overcome
interferences from fluorescing non-biological syste However this is a challenging job
since WIBS can measure only intrinsic fluoresceregardless of the source material. In
this study the term fluorescence is used to deségné&insic (or autofluorescence) which is
the fluorescence of the not stained material. Onportant parameter is the trigger

threshold which defines the smallest particle thagers the laser to initiate sampling
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procedure. One can set this trigger threshold Vew to be very sensitive to smaller
particles. However, a low trigger threshold resulisan increase of noise triggers.
Therefore it is crucial to adjust the trigger thmelsl correctly. Based on the personal
observations during laboratory tests this triggeeshold value has been set to 3 and 4 for
different experiments. It should be kept in mindttreffect of use of different trigger
thresholds on minimum particle size was not furtimmestigated. Particle optical size is
calculated by using a Mie scattering lookup tableiclv is generated under controlled
laboratory conditions by using polystyrene lateXSI(P spheres with known nominal

diameters. Figure 2.1 shows the calibration tablfor the present study.
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Figure 2.1: Calibration curve for WIBS4. Green sgsaare the experimental values
deduced from calibration experiments (i.e., catibra aerosols are Polystyrene Latex
particles and oleic acid droplets) that have baewriged by the manufacturer. Black solid
line represents the derived calibration curve ikatised to estimate the optical particle

sizing.
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By diminishing the detector gain the particle siable can be modified. In this case the
instrument will be more sensitive to the largertioles but at the same time it will not be
possible to detect smaller particles. Healy et(2012a, 2012b) presented two WIBS
instrument each has its own particle size rangee $b called high-gain version is
suggested to be capable of measuring particleraimge of ~0.5-12 um, whereas the low-
gain version can provide particle size informatiora range of ~3-31 um. They concluded
that the counting efficiency drops below unity farticles smaller than 0.7 um. The WIBS
instrument that has been used in this study is epampe to the high-gain version presented

by Healy et al. (2012a).
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Figure 2.2: Ambient aerosol number concentratiormsueed at Zugspitze by WIBS and
Grimm OPC for comparison. Blue markers show the ®/IBtal aerosol number

concentrations, while black open circles repref@atGrimm OPC data.

As it has already been discussed the trigger tbtésthould be selected correctly so that
the WIBS can be operated sensitive to the partiolése size range of 0.8 um and 12 pum.
During the field campaign at Zugspitze two instrase(WIBS and Grimm OPC, Model

1.0.9) sampled at the same TSP inlet. Fig. 2.2 shogood agreement of the total aerosol
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number concentration between two instruments fer glze range 1.0 pm<Do<10 pm.
However it should be noted that some deviationsftiois good agreement of the order of a
few ten percent have also been observed in caskeojungfraujoch installation where

strictly isokinetic sampling was not possible.
2.2. Asymmetry factor (AF)

One important and unique feature of the WIBS imagnt is that it can provide a rough
estimate of the sphericity of single particles.\irnd scattered light from single particles is
collected on a quadrant photomultiplier tube (PMIhese 4 signals collected by the PMT
detector are then used for calculation of AF (Ethid study; Hirst et al., 2001; Kaye et al.,
2007). E-bar is the mean of E1 + E2 + E3 + E4, thésnumber of discrete detectors used
and k is an instrument constant to ensure the mamiwvalue of AF is 100. According to
the definition, for a perfect sphere AF will be @ewhilst for an elongated fiber AF will
have a value of 100. However in practice even @ofgetly spherical particles AF does not
reach zero because of the fact that PMT detec®ialsm an electrical noise which mainly

affects the AF value of small particles.
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Figure 2.3: Normalized averaged asymmetry factdf)(®alues for some standard PSL
particles and foPenicillium notatum type of fungal spore. Green circles and the dagkry
solid line: 1.0 um PSL particles purchased from ®dcientific, black triangles and the
solid line: 1.9 um fluorescent PSL particles pusgthfrom Duke Scientific, red pluses and
the solid line: 2.0 um PSL particles purchased flRwmstnova Analytics, blue squares and
the solid line: penicillium notatum type of fungal spores purchased from a Swedish
company (Allergon AB, Sweden).

AF = k<2i=1i— £ > (1)

1/2

In laboratory tests with PSL patrticles, it has bsean that PSL particles have AF values
around 8, whereaBenicillium notatum type of fungal spores show a brighter distribution
between 25 and 70 (Figure 2.3).

3. WIBS Data Evaluation Procedure

WIBS is a single particle bioaerosol sensor. Thaeefit records almost all parameters
defined by the manufacturer for each single pa&tidk it has been discussed in the section
2.1, in the presence of too many particles (uppeit I~ 4x10*) or when a particle is
detected during the UV lamps are being rechargeitlooescence data can be provided for
these particles. Such particles are marked as éahigmrticle” and will be taken into
account when calculating total aerosol number cotnaBon. The parameters that are
recorded for each single particle are; particlévaltime, the forward and side scattering
data, the power of the xenon lamps, the fluorestzentensities for the three different
channels (if possible), the time of flight (TOF)lweas, the particle optical size in um, the

asymmetry factor values and the missed particlatsou

WIBS was operated via a laptop for data acquisidod the manufacturer’s software was
used to collect single particle data. Because @fatinount of large dataset collected during
both laboratory tests and during three consecuield measurements, a data analysis
software called “WDES”WIBS Data Evaluation Software) has been written in Igor Pro

(WaveMetrics Inc., OR, USA) and has been appliedltaata here. WDES reads comma
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separated value (csv) files and saves each inreliffedata folders which is a very useful
feature of Igor Pro. Each data folder is later ayrked out one by one and the results are
presented in different forms such as time seriedluarescent biological aerosols or
integrated number size distribution for any typepafticle according to particle selection
criteria. Fluorescent particle types that are prese in this study can be found in the
appendix A. For each data file (consists of maxinR0600 particle events), if available,
background fluorescence intensity in each chanfk] F2 and F3) is read, the medf) (

and the standard deviatios) (Of fluorescence intensity are calculated.

5| WIBS4 Single Particle Data Analysis = & [

WIBS4 Analysis ToolKIT v.3.0
AT

by Emre Toprak (emre.toprak@kit.edu) Karlsruher Institut for Technologia
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Figure 2.4: Control panel of WIBS Data Evaluatimft&vare

Background threshold is calculated from the bacdkgdoforced trigger fluorescence data
according to Eg. (2), and any patrticle for whick theasured fluorescence is greater than
the background threshold is accepted as a fluoneduelogical particle. If data do not

contain any background information, the latest gaalknd threshold value is used.
Ethreshod )= E + 3oi (i = corresponding fluorescence channel) (2)

Accordingly, WIBS can be operated in a way that itietrument collects forced trigger

data automatically in every ten minutes for tenoges (dynamic threshold) or it can also
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be performed manually. In this way it has been ditteeprevent any negative or positive
effects of change of background fluorescence onatiaysis. During the course of this
study both methods have been used. Using the dgn#méshold may be practical,

especially during long-term measurement by which background fluorescence level
varies with time. Figure 2.5 shows change on trekdp@und fluorescence calculated for a

one-year sampling in Karlsruhe, Germany.
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Figure 2.5: Background fluorescence threshé@&fhéshoid change during a one year online

sampling.

This figure shows clearly that the channel F2 dmahoel F3 have the greatest variability,
whereas the channel-F1 was rather stable. To shomhat extend the variability of the
background threshold may affect the number conatotr of bioaerosols, a one day
sampling period at Karlsruhe site has been invasdy The sampling was conducted from
04.05.2010 to 05.05.2010. Corresponding forcedy¢igneasurements have been collected
on the sampling day as well as one day before &rdthe sampling. Data were worked
out by using three different background threshatl®s. The results are shown in Figure
2.6. The background threshold values were ratladtestor channel F1 and F3 on the given
day. This feature was reflected on the calculateddrosol number concentrations on

Figure 2.6.



20

80

80

= F1
= F2

Ne (L")

Figure 2.6: Effect of the change of background gshatd on number concentrations of

biological particles. Each color represents the responding bioaerosol number

concentration for that channel on different sampperiods.



21

Chapter 3

Results and discussions. Part-1

1. Autofluorescence of test aerosols

In this chapter several bioaerosols (e.g., fungadres, bacteria, snomax) and non-
biological aerosols (ammonium sulfate, Arizona TBsist, Saharan dust, soot aerosol)
were discussed in details. For each experiment WiB8ument was operated for a few
minutes or sometimes longer to have a statisticgipd dataset. Collected data were
interpreted using the WDES (data analysis toolitemiin Igor Pro) to find the time series
for fluorescing particles. For each experiment @nésd in this chapter the same midpoint

size bins were used. Background thresholds weoeleddd for each experiment separately.

2. AIDA/NAUA cloud simulation and preparation chambers

The Aerosol Interactions and Dynamics in the Atnimesp (AIDA) cloud simulation

chamber of the Institute of Meteorology and Clim&esearch, Atmospheric Aerosol
Research (IMK-AAF) at Karlsruhe Institute of Teckogy (KIT) is unique from several

aspects. The AIDA chamber is a cylindrical vessatienof aluminum and has a diameter of
four meters and a height of 7.5 meters, accourdinglume of about 84 m3. This special
cloud chamber allows simulating mixed-phase cloudgus clouds, as well as polar
stratospheric and noctilucent clouds (Skrotzkilet2012 and references therein). In this
study only a small number of experiments have Ipsgformed in AIDA chamber, whereas
the NAUA chamber was preferred for aerosol charaeon because of its ideal volume
(~ 3.7 m3), ease of cleaning and the amount ofs@siple required to fill the chamber up.
The NAUA chamber is a stainless steel aerosol cleambhe AIDA and the NAUA

chambers have been equipped with set of aerostliments including the WIBS, an

Aerodynamic Particle Sizer (APS, mod. 3321, TSI.,IngSA), a Condensation Particle
Counter (CPC mod. 3022, 3375, TSI Inc., USA), adl w& a rotating brush generator
(RGB-1000, Palas GmbH, Karlsruhe, Germany). CPQ230&d a maximum detectable
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particle size of around 3 um, whilst the minimuntedéble particle size is given to be
around 0.007 pm (with 50 % counting efficiency) amwund 0.015 pm (with 90 %

counting efficiency).

3. Preparation of the dust samples (pre-activation)

Except the Saharan dust sample, which had beerectsll from Sahara desert
(33°58'53.9” N; 8°0°'6.7” E, Tunisia) somewhere areTozeur, all other desert dust or soll
samples were dispersed either via the rotatinghbgenerator (RBG-1000, Palas GmbH,
Karlsruhe, Germany) or by using small scale powdisperser (SSPD, TSI Inc., USA).
Saydam et al. (2002) has previously investigatedSaharan dust samples that were used
in this study. They found that the#Femount increases steadily after irradiating thst-du
water mixture with visible light. They further hyjhesized that this ferrous iron production
is related to the presence of bacterial and fursgaicies in the medium. With help of
enough energy (i.e., sun light) this process cannitiated and the resulting biological
species may affect the cloud formation and preaiijoih. Following the procedure
described by Saydam et al. (2002) Saharan dustisahgt had been collected from Sahara
desert was first sieved to remove the very largégb@s and the fraction up to 70 pm was
used for cloud experiments. First of all, 3 g dwsts weighed and placed in a cylindrical
bottle. Almost 100 mL nano pure water was pouredt@nd the resulting heterogeneous
solution was mixed by using a magnetic stirrer dpproximately five minutes. Then the
bottle was placed in a reservoir which is covemeanf all sides with aluminum folio. The
top of the reservoir was left intentionally operdanvisible light source was placed to the
top of this reservoir. The solution was illuminatedh 500W visible light for almost two
hours. This process was applied to Saharan dugtlearthat were investigated in AIDA
chamber and called as pre-activation of dust sasrgaleing the course of this study. Before
each cloud expansion nucleopore filters were ctdtbéor approximately 20 minutes. Later
on Polymerase Chain Reaction (PCR) method hasdpgaied to each filter samples and it
has been found that both pre-activated and novaeti samples contain bacterial and
fungal species. However the size of these organmgassnot large enough to be detected by
the WIBS instrument.
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4. Test aerosols

4.1. Ammonium sulfate and fungal spores

Ammonium sulfate pellets were dissolved in watemBing ultrasonic atomizer. Resulting
10% (w/w) homogeneous solution was dispersed ihto NAUA chamber for several
seconds. Ammonium sulfate aerosol was added tdN#&gA chamber until the number
concentration measured by the CPC reached anl initiae around 5x10L?. Because of
the gravitational settling of large aerosol paecland the sampling trough several
instruments such as APS, CPC, WIBS, etc. the &&alsol number concentration dropped
to about 2.5x1HL? in approximately 80 minutes. After that about 2xIL.8 of penicillium
notatum type of fungal spores were added. After additiorfusfgal spores, WIBS total
aerosol number concentration was calculated tadnend 1.0x160 L. Towards the end of
the sampling period (i.e. in 40 minutes) the tada@rosol number was calculated as
approximately 0.6x10 L'. Time evolution and the responses deduced fronglesin
fluorescence channels and as well as from combmatf different channels are shown in
Fig. 3.1.

WIBS fluorescence data can be interpreted in sedé#ffarent ways. In this study | used
not only data from single channels (F1, F2, and &)1 also applied different selection
criteria such as combination of individual channela way that a particle is supposed to be
fluorescent only when signal on two fluorescendecters exceeds the defined background
thresholds respectively. For instance, when a@arfiuoresces both on F1 and F3 at the
same time, this particle is counted fd¥¢ir3. These combinations may provide in some
cases a better discrimination between biological aon-biological aerosols. Figure 3.1
(left panel) shows that WIBS counted approximatk2yparticles ! on channel F1, 25
particles ! on channel F2, and 36 particles bn channel F3 as fluorescent. When total
aerosol number concentration detected by WIBS fge ppmmonium sulfate aerosol is
considered, these numbers correspond to only a srgll fraction (0.16 % foNF1/Nr,
0.32 % forNF2/Nt, and 0.47 % foNra/Nrt, respectively).
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Figure 3.1: Fluorescence data deduced from WIBSsorement for ammonium sulfate
aerosol angbenicillium notatum type of fungal spores. Top panel for each graph abas:
number concentration of fluorescent particles ia sizre range of 0.8-16 um. Top panel,
right axis: ratio of number of fluorescent partgle the total aerosol number concentration
(without missed particles). Lower panels: size riistion (dN/dlogDo) of fluorescent

particles.

When | further investigated the Fig. 3.1 (right pinl have seen that using combinations of
different fluorescence channels (see Table 2.2yedsed the cross-sensitivity of the
instrument to a very low degree for ammonium sal&rosolNrir2, Nrir3, andNr2rs, can

be given as approximately 6.71L6.9 L1, and 7.4 ! respectively. Again the ratios of
number of fluorescent particles to the total adrasember were very low, namely
approximately 0.09% foNrir2/Nt, and forNrirs/Nr, and 0.1% folNr2rs/Nr. After addition

of fungal spores WIBS total count and the countsirahvidual fluorescence channels
increased steeply. Average fluorescent particle barsncan be given as followblr; =
2192 LY, Nr2 = 1644 Y, N3 = 1487 1. Corresponding number ratios are approximately
28% for Nr1/N7t, 21% for Nr2/Nt, and 19% forNea/Nr respectively. Since the larger
particles that have been added to the aerosol araseittled quickly calculation of a stable
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average aerosol number concentration during theseoof the experiment was difficult.
WIBS nevertheless classified a major portion offilmegal spores as non-fluorescent. This
feature was then seen on characterization expetsmenich have been conducted using
only fungal spores (data not shown). One reasorihfatr could be the low sensitivity of
individual fluorescence channels which may not bbleato detect very low
autofluorescence from small particles. For instatiffman et al. (2012) suggested that,
in some cases, some fraction of bioaerosols (amjcjes of small size), may be below the
detection limit of the UV-APS. In case of detectminfungal spores there have been slight
differences between single detection wavebands @mdbination of two wavebands.
However the ammonium sulfate aerosol was detectestlynon single channels (i.e., F1,
F2 and F3) but less on the two fluorescence charatethe same time. This feature may
provide an advantage for ambient aerosol measutsm®imce the channel F1 (indication
for Tryptophan-like particles) is also used as akeafor the pollution, it is also good to
combine the F1 with F2 or F3 to overcome the ceasssitivity of the WIBS. On the other
hand using the combination of two channels may bésa disadvantage for detecting Try-
like species which fluoresce only on channel F1 fit on other channels. It is almost
always the question of interest whether the sisgknnels or combinations of two or three

channels will be preferred.
4.2. Soot and ammonium sulfate

Soot aerosol that had been emitted through a peogdfusion flame (mini-CAST, Jing
Ltd, Switzerland) was added to ammonium sulfate os@r to investigate the
autofluorescence of fossil fuel combustion aerasoNAUA chamber. Fuel-to-oxygen
(C/O) ratios can be altered in order to obtain smybsol emissions with different organic
carbon contents. Details concerning the combusteynsol generator and soot composition
can be found elsewhere (Schnaiter et al., 200@)mHFprevious section (Sc. 4.1.) it is
known that the fluorescent particles deduced froB$Vmeasurements for ammonium
sulfate aerosol were approximately between 12-36ictes L for individual fluorescence
channels F1, F2 and F3, respectively. Therefore dbents that are given for this

experiment should be considered as a mixture dfribotion from ammonium sulfate and
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soot aerosol. The mixing ratio of the ammonium atelfand soot was around 1:7. After

cleaning the NSUA chamber, aerosol number condsmravas controlled via CPC

measurements. Then the ammonium sulfate aerosobispsrsed by following the same

procedure that has been described in subsectiomAtelr addition of ammonium sulfate

aerosol the initial concentration that has beensuea by WIBS was around 0.2¥1102.

Soot aerosol was added for almost seven minuteshadr was approximately 1.6x3Q-

L. Total aerosol number concentration decreasediguieving to the sedimentation during

the experiment and also because of the instruntBatswere connected to the chamber.

Time evolution of the experiment was illustrated-ig. 3.2.
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Figure 3.2: WIBS fluorescence data for ammoniunfesel- soot aerosol mixture. The data

were plotted in the same way as in Fig. 3.1.

Measured average fluorescent particle number coueits 61 ! on channel F1 and 75'L

on channel F2 and on channel F3. Absolute numldd¢hsazescent particles are not directly

comparable with the previous experiment (see 4b&gause each experiment was

performed with different amounts of material aneréfore the total aerosol number

concentrations varied. In this case it may be &ebeatiea to look at the number ratios
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instead of investigating number of fluorescent ipks$ directly. Figure 3.2 shows clearly
that ammonium sulfate — cast soot mixture fluoresgeakly on both single and combined
fluorescence channels. For single channels rafilaarescent particles to the total aerosol
number were calculated as 0.88 % for channel FIL,%.for channel F2 and 1 % for
channel F3. For combinations of channels the calledl ratios were 0.53 % for F1&F2,
0.47 % for F1&F3 and 0.64 % for F2&F3, respectivéfyshould be noted that ammonium
sulfate fluoresces weakly, contributing approxirhat@.2 % to the total aerosol count.
Using a combination of two fluorescence channetwided again a better discrimination
between biological and non-biological particles.wdwer, a weak cross-sensitivity (less
than 1%) of the WIBS to the soot combustion aerbaslbeen found.

4.3. Dust aerosol

Mineral dust aerosol is of major importance in #tisdy because of the fact that it is one of
the most abundant aerosols in the atmosphere (Rbdet al., 2008; Monks et al., 2009).
My motivation for this thesis was developing a saml procedure to investigate the pre-
activation of Saharan dust aerosol and its autefkeence behavior in a cloud chamber by
using the WIBS. Autofluorescence of different maleparticles including kaolin and
Arizona Test dust (ATD) has been studied by Pohéteal. (2012). They have suggested
that ATD fluoresces weakly between 300-420 nm afteitation with UV light.

The Arizona Test Dust (ATD) was dispersed into &UA chamber by using a small-
scale powder disperser (SSPD 3433, TSI). Figureepfsents the contribution from ATD
to the fluorescent particle number measured by WNgBSvas measured around 1.0%10"
(solid black line on Figure 3.3), however, duehe tnstrumental limitations only a minor
fraction of the total aerosol (dashed black line igure 3.3) could be analyzed for
fluorescence. This means that WIBS was able toctiet®und 1.0x10particles L', but
due to the dead times of the UV-lamps in the ims&mt the autofluorescence was
measured only for a small fraction of the totalbget. The particles that are detected during

the dead time of the UV-lamps are called as “migseticle count”.
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Figure 3.3: WIBS fluorescent particle number comdion data obtained during an
experiment at IMK-AAF. Far left axis: WIBS total wots (including missed particle
count). Inner left axis: WIBS fluorescent partictepresented with open circles. Right axis:

Ratio of fluorescent particles to the WIBS totaliots (excluding missed particle count).

For calculation of the ratio of fluorescent paeglto the total aerosol only those the
particle events were taken into account where its wanssible to measure the
autofluorescence. Nevertheless, ATD fluorescedifgigntly after both short-wave (280
nm) and long-wave (370 nm) illuminations, suggestimat it should be taken into account
when operating WIBS for investigation of, i.e. lnigical aerosol content of a soil dust
sample Nr1/Nr, Nr2/N71, andNrF1/Nt were found as 1%, 3% and 2%, respectively. Usieg th
combination of fluorescence channels on the othedteliminated this cross-sensitivity to
a degree. Nrier2/Nt and Nr2gra/Nt were found to be around 0.2% whiNe2sr3/Nt was
calculated as 0.1%. Under the light of these figdia new approach has been suggested
and used for the first time to investigate the slist samples in AIDA cloud simulation
chamber. Figure 3.4 illustrates the response of SMiBthe soil sample (collected from the
surface, somewhere in Mongolian and contains sagmif amount of biological substance).

Details concerning the collection and preparatibrthe sample can be found elsewhere
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(Steinke et al., 2013). It has been found that Mdiag dust contains significant amount
biological aerosol. The fluorescence data are iodgagreement with the conventional
methods which are based on culturability of sulistanA more detailed investigation on

different soil samples will be published in a separstudy (Steinke et al., in preparation).
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Figure 3.4: WIBS fluorescence data for Mongoliarstdimat has been investigated during

IN19 campaign in July 2012. Left panel: dashed tie@resents thBlric/Nt. Lower panels

show the integrated fluorescence data. Top pahets On left and right): show the number

concentration of fluorescent particles.

During the course of the BIO-05 campaign (25 Ma6hi0 at IMK-AAF, KIT) a Saharan
dust sample (SD2) was investigated. The SD2 wasface sample that has been collected
about 50 km north of Cairo, Egypt. Details concegnihe collecting, treatment, and the
elemental composition can be found elsewhere (Mdéteal.,, 2006). The small-scale
powder disperser was used to disperse the aenowokhe NAUA chamber. Figure 3.5
illustrates the WIBS fluorescence data for Sahatast aerosol. Following the same

approach that has been suggested for ammoniumesatd fungal spores mixture it can be

seen that WIBS was not able to suppress the aateBuence comes from Saharan dust
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particles even if the combination of two fluorescerchannels were used for discrimination
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Figure 3.5: WIBS fluorescence data for Saharan iwsistigated during BIO-05 campaign
in March 2010. The data were plotted in the samg agan Fig. 3.1.

Nevertheless, the nature of the observed autoftgerece of Saharan dust is quite
interesting. Recent studies have shown that bicddgiubstances residing on dust aerosols
can travel over long distances and, thereforengtsand storms might disperse viable and
nonviable microorganisms over wide continental oegi (Hallar et al., 2011) or even
globally (Smith et al., 2011). Toprak and Schna{#913) suggested that this behavior of
Saharan dust aerosol might be attributed to thelassification in which mineral dust
particles produce false positives, or could befitst indication of microorganisms on the
dust particles, which can fluoresce on differentofescence channels. However, the
Arizona Test Dust that has been investigated is shiidy fluoresces surprisingly only on
single channels (e.g., channel F1, F2, and F3gitattot on two of these channels at the
same time. This feature is reflected on the sigaifily lower FBAP numbers for
combinations of fluorescence channels such as F1&XF3, and F2&F3 of WIBS
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(Figure 3.3). One important motivation of this studas investigating the nature of the
autofluorescence measured from Saharan dust a¢haddias been collected during heavy
dust transportations at Jungfraujoch station. Aenttatailed discussion about this topic will

be given in Chapter 5.
4.4. Bacteria and Snomax

Bacteria are one of the most abundant candidatesPBAP in the atmosphere.
Unfortunately many of the conventional methods lzesed on the cultivation of bacteria
which is challenging. Therefore the rapid detectafnbacteria in the presence of other
biological and/or non-biological aerosols is of aramportance. In this context, | had the
opportunity to perform some test measurements mgusacterial strains frorRsydomona
syringe (PS) that has been isolated from cloud water awestigated in AIDA cloud
simulation chamber during BIO-05 campaign. Durireyesal cloud simulations, filter
samples have been collected and analyzed by arcbsg@up in France. It has been found
that the viability of bacteria decreases steepbting that the method used has not been
proven. It should be kept in mind that this is oalpreliminary result and may mislead. |
will present here only one example for PS to ingasé the detection capability of WIBS.
Figure 3.6 illustrates the WIBS fluorescence dataPfS aerosol which was injected into the
AIDA chamber by using a two-stage nozzle. By logket Figure 3.6 (left panel) it can
clearly be seen that WIBS was able to detect almlb$tacteria on channel F1. Assuming
that channel F1 measures only the intrinsic flumease (hereafter fluorescence) from
tryptophan (which is a common amino acid) and ttreinnel F3 measures fluorescence
from coenzymes and vitamins such as NADH, ribofiagind vitamin B, one can speculate
that the combination of channel F1 and channel EY provide the number of viable
species. One commercially available instrument ARS) is suggested to provide the
viable FBAP (Huffman et al.,, 2010, and referencégrdin). Basically UV-APS
fluorescence data correspond to the third fluoresealetection band of WIBS (channel
F3) with small differences between excitation andtedtion wavelengths of two

instruments.
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Figure 3.6: WIBS fluorescence data for strdn syringae sampled during BIO-05

campaign. The data are plotted in the same way Biyi 3.1.

To overcome one uncertainty about what exactlyfitisefluorescence detection band (F1)

measures, | have investigated a special aeros@dc&nomak (York Snow Inc.).

SnomaxM is an industrial product of strain P. syringae Blgtown under conditions

(proprietary information) to maximize the ice nuwatien activity (Mdhler at al., 2008).
Figure 3.7 illustrates the fluorescence data rembiny WIBS for a polydisperse Snom¥x

solution which has been injected into the AIDA tsing a laboratory developed atomizer.
As anticipated almost all Snomidk particles were successfully detected on channel F1
(tryptophan-like signal) while only a minor fraatidluoresces on channel F2 or on channel
F3. There is limited literature information dealwgh the signal recorded on channel F2. It
can be suggested that the cellulose which is thetstal component of primary cell wall in
bacteria (Pohlker et al., 2012) is responsibletiier fluorescence on channel F2. Since the
SnomaxM aerosol does not represent the bacteria itselbblytthe protein extracted from

the bacteria, the sample that has been investigatetis study may not contain all

components of a bacteria. This can explain the l@eants on channel F2 and F3.
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Figure 3.7: WIBS fluorescence data for Snoffaxaerosol sampled during INUIT-03
campaign in 2012.

4.5. Analysis of pre-activated dust samples

The Saharan dust samples that have been describsettion 2.4 were investigated for
their ice nucleation (IN) activity at two differetemperatures (at -18°C and at -25°C). Pre-
activated dust samples were injected into the AlBlAud simulation chamber and
characterized by aerosol instruments such as ARSSAMPS (TSI Inc.). The bioaerosol
content of wetly and also dry dispersed Saharah gshraple was measured by WIBS. To
interpret the IN ability of the dust samples the-&ctive surface site density (INAS)
approach (Niemand et al., 2012) was followed. Adowy to the INAS approach, the ice
nucleation process is dominated by the number ailahle ice-active nucleation sites. The
higher the active surface sites the more activeréhated material is supposed to be.
Number of ice-active surface sites per unit areagaven by a term calleds.nFor dry and
wet dispersed aerosol samplesvalues were calculated and presented in Figuret8.8

compare those findings with other studies in ttezditure.
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Figure 3.8: Ice nucleation capabilities of differenil dusts and desert dusts that have been
investigated at IMK-AAF. Black solid line: Desertists investigated by Niemand et al.
(2012). Green dashed line: Fitting curve that wWaseoved from soil dust experiments by
Steinke et al. (2013).

The main output of this investigation was that WS instrument is capable of detecting
bioaerosols in presence of non-biological aerofas mineral or soil dust aerosol). Table
3.1 summaries the analysis of different soil dashgles from the point of view of optical

and conventional methods.

Table 3.1: Comparison between UV-LIF method andveational method in case of
analyzing three soil dust sampless/Nk, represents the WIBS data, while bacteria,
actinobacteria, pseudonomads, and fungi show thétsefrom conventional analysis. Data

for the conventional analysis method were adoptauh fSteinke et al. (2013).

Sample Mi/Nt | Ne2/Nt | Neg/Nt | Bacteria | Actinobacteria)l Pseudonomagds  Fungi
Ms01 9% 3% 1% 2.0x20 | 1.4x10 2.1x16 1.3x16
Gs01 3% 1% nd 9.5x80 | 5.2x16 2.9x16 4.7x10

AsO1 5% 2% nd 1.2x20 | 5.8x1G 1.5x16 1.8x16
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The second important result is that the wet diggeiSaharan dust samples, which were
pre-activated before dispersing into the AIDA chambwere not better ice nuclei than the
dry dispersed samples. However this result may e td either ineffective dispersion
method which prevented the dispersion of largetigdas into the chamber or this result
shows us that the pre-activated had no influence®mucleation of Saharan dust under
given conditions (i.e., activation temperature)r€sponding givalues are higher for dry
samples but lie on the curve that was presenteNiémand et al. (2012). The higher IN
activity of biologically richer surface samples thaere investigated by Steinke et al.
(2013) points out that the bioaerosols may imphet riucleation of ice in mixed-phase
clouds. Therefore the ambient aerosol at highualétresearch stations was monitored
continuously for one year and the idea of nucleatibice in presence of Saharan dust and
bioaerosols was investigated. Saharan dust eventedated bioaerosol measurements will

be discussed in Chapter 5.
4.6. Conclusions and summary

To summarize the laboratory tests that have bedorpged under controlled conditions by
using known atmospherically relevant biological aah-biological aerosols, | can say that
WIBS is able to distinguisipenicillium notatum type of fungal spores from ammonium
sulfate aerosol by taking one of the three fluogese emission bands into account. The
fluorescent particles that are eventually miscfessiby the WIBS are strongly dependent
on the background threshold that we used. This mjeame can set a relatively higher
threshold to provide a better discrimination of lbgsical aerosols from non-biological
fluorescent particles (interferences), howeves Will suppress the contribution from some
biological particles with small sizes which fluocesweakly. In the case of using a single
fluorescence detection channel such as channgh€&Inisclassification was less than 1%.
Combustion soot aerosol fluoresced significantlyclwimay be misclassified by WIBS in
case of ambient monitoring. The ratio of fluoredqearticles to the total concentration was
found around 1% on channels F1, F2 and F3 respégtidowever the use of combination
of any two channels decreased the misclassificatdess than 1%. Still, if one plans to

measure bacteria in an environment where the aipadluted with soot, possible
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contribution from non-biological fluorescent aerissshould be taken into account. As it
has already been mentioned in previous sectionsl(8c and Sc. 4.3.) the fluorescence of
mineral dust aerosol is important to be able to ereak assumption for further investigation
of strong dust events from the point of view oflbgical content. Thus | have analyzed the
mineral dust aerosol and found that mineral dustrfisces significantly on channels F1, F2
and F3.Nry/Nt was found to be about 7%, whilM:2/Nt and Nr3/Nt were approximately
5.4%. It is known that artificial mineral dust sdmgATD) contributes around 1% on
channel F1, whereas the signal counted on chartheh#& channel F3 were approximately
3% and 2%, respectively. However, ATD fluorescegnificantly less than that was
observed for single channels when only combinatiminany two channels (i.e., channel
F1&F2, F1&F3 or F2&F3) are considered. In that cdse=Nr/Nt was calculated around
0.1%. Although it is rather speculative, the renmarfluorescence measured from Saharan
dust aerosol (Sc. 4.3 of chapter 3) may be atedhub some biological material which
fluoresces on each fluorescence channels. Diffdractierial strains have been investigated
and it has been found that bacteria fluoresce mostichannel F1. This result is in a good
agreement with previously published studies (Hilak, 1999; Pan et al., 2007; Hill et al.,
2009). Saharan dust samples were collected fronstin@ce of Sahara desert and pre-
activated providing sunlight and water for approaiely two hours. Those pre-activated
samples were investigated from the point of viewbiological activity and ice nucleation
capability at mixed-phase cloud temperatures. # baen found that the wet dispersed
(always pre-activated) samples are worse ice nubtlen the dry dispersed samples.
However there has been found a significant diffeeehetween the size distributions of
aerosol samples, especially for the wet dispersadpkes. This major difference may
explain the lower IN capability of these samplesiavhapparently consisted of mostly

soluble salt material rather than Saharan dusicpest
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Chapter 4

Results and discussions; Part-2

1. Field campaigns

In this chapter mainly the results from three consige long term field campaigns were
presented. Main focus will be on the comparisontleé number concentrations of
fluorescent and total aerosol particles duringedéht seasons. The three sampling sites
represent features which are characteristic to ethesvironments. Karlsruhe site for
instance was suggested to be representative foangplmg site where vegetation is
substantially active. Zugspitze site on the otharchlies most of the time isolated from its
environment in free troposphere, albeit in someggdanetary boundary layer may reach
the sampling site and convection may influenceatir®sol composition by moving aerosol
from the local environment. Jungfraujoch statioassumed to be representative of the free
troposphere and therefore the aerosol is mosteofitiie not affected by the local changes.
If so, it is of major importance to quantify the @mnt of biological aerosol and also its
temporal variation over the course of a year. Agsthlevels the formation of ice clouds
may be triggered by minor amount of bioaerosol #mnsl may increase the formation of

new ice particles by collision with supercooledudlalroplets.
1.1.Eggenstein-Lepoldshafen in Karlsruhe

WIBS has been operated almost continuously for apprately one year in order to
characterize the ambient aerosol in the vicinitytref IMK-AAF building in Eggenstein-
Leopoldshafen, Karlsruhe, Germany (49°5°43.58 " 15815.048'E; 112 m a.s.l.). WIBS
was operated from 31 March 2010 to 30 March 20185 (8ays, 30474 total 15 min
samples). A total suspended particles inlet (TSRjit&®, Model DTSP01/00/16) was
placed on the roof of aerosol laboratory, i.e. agpnately 5 m above the ground. The TSP

inlet is an omnidirectional inlet, which is widelysed for general particulate pollution
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monitoring. In this study the low-volume TSP inlets been used, which requires a sample
flow rate of 1 mdh (~16.7 LminY). This sample flow rate allowed me to collect judes

up to 30-40 pum. The TSP inlet has been connectedst@ainless steel sampling line (i.e.
inner diameter of 13 mm) which penetrates the ofdhe laboratory and has been fitted to
a 40 mm inner diameter flow tube, which was kefdtaat rate of 16.7 Lmirt. Another 13
mm inner diameter stainless steel tube (i.e. apprately 40 cm length) has been
connected to the far end of the wide flow tube nosed above to accomplish an isokinetic
sampling. The whole sampling is said to be isokmnethen is isoaxial and the mean
sample flow velocity through the face of the inkeequal to the gas flow velocity (Kulkarni
et al., 2011). The WIBS has a sample flow rate.6fl2nin. The final connection between
the isokinetic sampling system and the WIBS hasbdene by using an electrically
conductive silicon rubber tube (length 35 cm, inméameter ~13 mm). The overall
sampling line was approximately 3 m, noting tha wWhole sampling was strictly vertical,
i.e. there were no horizontal connections in otdeavoid any sedimentation losses. The
measurement site is surrounded by a forest fromndréh-east to south-west where the
average wind direction was dominant and the cldsiggiway is almost 550 m away from
the sampling unit. Ambient temperature (T), relatiumidity (RH) and pressure were
measured simultaneously using a chilled mirror bgggter. Wind speed and direction were
measured using a 3-D sonic anemometer (USA-1, ACHHE second time resolution).
Additional meteorological data including ambiennteerature and relative humidity at two
different altitudes, precipitation (mm) and glolsallar radiation (Wrnd) have also been
supplied by the meteorological tower of KIT locatgabut 500 m to the south-west of the
sampling site. In this chapter, integrated numh®ercentrations and size distributions of
fluorescent biological aerosol particles and theworrelation with meteorological

parameters, diurnal and seasonal changes are f@ésemd discussed in details.
1.2.High altitude research station SchneefernerhausS)UF

Following the consecutive field campaign in Karlsey WIBS was located at the
environmental research station in the SchneefeansrilUFS) on the southern side of the
Zugspitze mountain (47°24'59.91"N, 10°58'46.56"E962 m a.s.l.). Owing to the climate
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conditions prevailing at the Zugspitze, the envinental weather station is surrounded by
clouds which then enable in-cloud sampling withaircrafts. The research station is
located on the highest floor of the Schneefernestaand is located on a steep slope facing
south on the edge of the Zugspitze, namely apprateiy 350 m above the Zupspitzplatt,
the ‘Zugspitze plateau’. The plateau is surroundgdnountain peaks and is open to the
east. In the west there is an aeolian hole, leatdinige prevailing wind direction being east
to west or west to east. Riehl (graduate study) $tamswn that the yearly averaged
temperature, relative humidity and pressure valaes -2 °C, 80% and 735 hPa,
respectively. Annual precipitation accounts for @xpmately 5700 mm. The temperature
changes around -9°C in January and 8°C in Augumsd.ldwest values for relative humidity
are found in January (around 75%) and the maximailneg were reported for July (around
85%). Rain fall is at minimum in July accounting 800 mm, while the highest rain fall is
observed in December and January accounting fom&®0and 900 mm, respectively. At
high altitude research station Schneefernerhausdh®ling was started in August 2011
and lasted for approximately ten months to evaldlagerespective diurnal and seasonal

behavior of total and fluorescent biological pdetc
1.3. High altitude research station Jungfraujoch

The Jungfraujoch (JFJ) Sphinx research station3@B8F, 7°59’E) is located at 3580 m
(a.s.l.). Owing to its high elevation, it can beswased that the measurements at the JFJ
weather station reflect the free troposphere (HDwever a minor effect of the Planetary
Boundary Layer should be kept in mind (Coen et2011). As a final step for this PhD
study WIBS has been operated at JFJ station foostlmne year starting in June 2013.
During the entire monitoring WIBS has sampled arS# inlet.

2. Aerosol number concentrations

The WIBS was operated almost continuously (i.e.sueament stopped sometimes due to
undefined problems with data acquisition progrdmXarlsruhe, sampling was initiated in
April 2010 and the ambient aerosol was sampleaf@ year. Owing to the time schedule

of this study the data collected at JFJ statiolecethree complete seasons. WIBS single
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particle data were integrated for every 15 minuiege intervals and median aerosol
number concentrations together with, 25", 75" and 9% percentiles were illustrated in

Fig. 4.1 and Fig. 4.2. Details can be found inappendix B.

First and foremost each location exhibit similattgas of higher FBAP concentrations in
summer than in winter though in completely diffareampling climates and at different

sampling altitudes (Fig. 4.1, and Fig. 4.2).
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Figure 4.1: Seasonal change of fluorescent biokdgerosols at three different locations.
Upper panel: Leopoldshafen, Germany (112 m a.sénfral panel: Zugspitze, Germany
(2650 m a.s.l.); lower panel: Jungfraujoch reseatakion, Switzerland (3580 m a.s.l.). (a)

spring, (b) summer, (c) autumn, (d) winter.
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Figure 4.2: Seasonally averaged number rathgNs (%)) for fluorescent particles at

Karlsruhe, Zugspitze and Jungfraujoch sites.

The relative increase of the bioaerosols betweeamtewiand summer was found to be
approx. factor 2 for channel F1 and for channel IE8s than factor 2 for channel F2 and
factor 3 for F1&F3 at Karlsruhe site. Same increaSEBAP was observed at Zugspitze
site, albeit with different magnitudes pointing suilar sources for fluorescent particles at
two sites. The relative increase at Zugspitze s found to be approx. factor 8 for
channel F1 and for channel F3 (same trend obsextvKdrisruhe site), factor 6 for channel
F2 and factor 9 for F1&F3. The largest differene@én®en two locations were observed for
Nr2, which did not change much at Karlsruhe site, &tat Zugspitze site the relative
increase was found to be about factor 6, suggestmgontribution from a different aerosol
at high altitude station. To our knowledge, thisthe first study in the literature that

provides single particle fluorescence data of Adeisonal cycle at a high altitude station.
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Therefore it is difficult to perform a direct comn between other studies at similar
environments. Again or the first time complete seas behavior of bioaerosols at a semi-
rural environment was published by Toprak and Sikbné013).
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Figure 4.3: Overview of FBAP number concentratiah&arlsruhe site for one year period.
Small markers represent the 15 min data points #iBS. Solid lines show 24 h averaged

FBAP number concentrations for the same data.

The results from Karlsruhe site are comparable Wighstudy from Huffman et al. (2010)
which reported four months online measurement perd with a UV-APS (TSI Inc.,

USA) in Mainz, Germany, only in case of considerthg combinations of fluorescence
detection channels F1 and F3 of the WIBS, but m& s$ingle detection channels.
Schumacher et al. (2013) reported the seasona oydluorescent particles in Finland and
in Colorado which were measured with the UV-APSeyhave found also similar trends

for relative change on fluorescent particle numbencentration at each location. The
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fluorescence channel F3 of WIBS can be comparear¢hieally with UV-APS since they
both detect NADH-like molecules in particles. lfistassumed that the average fluorescent
particle number in Mainz was around 20 for summer (Huffman et al., 2010 — Table 1),
channel F3 of WIBS reported for the same period p&&icles L. This large difference
was observed in a very recent study by Healy ef2@l14) where the WIBS and the UV-
APS were operated behind the same inlet, in soet$tesn Ireland. It has been stated that
the fluorescent particle concentratiddr measured by the UV-APS was by a factor of 2.4
lower than that was measured by the WIBS. ThatwhBS and UV-APS have slightly
different detection bands, different backgroundelsvespecially for fluorescent particles
and completely different excitation sources canlarpthis difference in fluorescent
particle concentrations. Results are indeed in sarder of magnitude which is a good
result for the beginning. The low concentrationF&AP in winter can be attributed to the
cold temperatures and snow cover which decreasegeifietative production (Schumacher
et al., 2013). Another parameter that explainslalewinter time FBAP concentrations is
the increasing fluorescent particle counts on suays, suggesting an increasing

biological activity in the environment.

One distinct difference between Karlsruhe and Ziigssites is the change dis over the
course of sampling periods. At Karlsruhe site fyedid not change significantly and kept
constant from summer until the beginning of sprirgwever theNr was found to be
higher in spring than in summer in contrashf@ap. A similar observation was reported by
Schumacher et al. (2013) in Colorado where a UV-ARS operated for complete four
seasons. In Karlsruhe, spring mediinwas approx. 797 -Lwhich dropped to approx. 400
L-* towards the end of sampling period. On the otlerdh at Zugspitze sitidr increased
from winter to summer and decreased again at tdeoésummer period. FBAP increased
also with increasing total aerosol. Since the Kahs site lies most of the time in planetary
boundary layer (PBLN~ is strongly affected by convective mixing and lodaanges (i.e.,
Figure 4.13, panel “a”). Zugspitze site, howevess In free troposphere (FT) and the PBL
effect is of minor importance. Moreover TAP numigencentration at Zugspitze summit
starts increasing when the PBL effect and vertizahsport process become more

prevalent.
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Figure 4.4: Overview of FBAP number concentrati@sZugspitze site for 10 months
between 31/07/2011 and 16/05/2012. Small markgnesent the 15 min data points from
WIBS. Solid lines show 24 h mean FBAP number cotraéions.

It is of major importance to investigate the aetasember concentrations at different
locations. Coen et al. (2011) for instance repoderbsol climatology at the Jungfraujoch
station and discussed the planetary boundary leffects. They found that the JFJ is not
influenced by any synoptic weather types, albeitoasiderably high influence of the
planetary boundary layer (PBL) has been seen imesieof the time. Any change on PBL
may influence the composition, number, and sizdridigion of the aerosol especially
biological aerosol at sampling sites. Therefore bas to keep in mind that the aerosol
sampled at a certain time at a certain place mag eeen influenced by some local
sources. During the course of this study it hasilfeend that coarse mode aerosol number

concentrations at the JFJ station are only slighflyenced by the PBL change in summer.
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To illustrate the effect of PBL on aerosol numbenaentrationdNr1 has been stacked in
Figure 4.5. It can clearly be seen that the PBEeaffs the greatest in Karlsruhe which is
reflected on clear diurnal cycles of fluorescentipkes. At Zugspitze site this feature is not
as clear as at the Karlsruhe site. However for salawgs a clear diurnal change of
fluorescent particles can be seen. In contrary addfuhe and Zugspitze sites, at JFJ no

diurnal cycle of fluorescent particles has beemsee
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Figure 4.5: Time series of FBAP at three differdexcttions. For each panel, left: number of
fluorescent patrticles, right: ratio of fluorescgairticles to the total aerosol count (without
missed particle count correction). Top panel: Jungbch station, sampling year: 2013.
Centered panel: Zugspitze station, sampling ye@f12 Lower panel: Karlsruhe site,

sampling year: 2010.
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3. Aerosol number size distributions

For detection of optical particle size, a continstovave 635 nm diode laser has been used.
Resulting elastic scattering data were sampletienfarward direction and at a 90° offset.
Based on Mie theory a calibration approach wasldpee and in this calibration approach
particles are assumed to be spherical and havediisgefractive index. Over the course
of two consecutive field campaigns in Karlsruhe ahd@ugspitze, and as well as for some
of the laboratory investigations WIBS has been afggl in a mode where the particle
detection was performed by integrating the arezeutite pulse of forward scatter signal.
This method has the advantage on detecting smalbeticles (i.e. Do< 5 pum
approximately). On the other hand any problem #védes on the PMT detector may
influence the integration of the forward scattegnsi. In this the larger particles (approx.
Do > 5 um) are misclassified, while the smallertipkas are less affected. Toprak and
Schniater (2013) used this method and the mairrdkgent particle mode seems correct
and was not affected by sizing issue. In May 20iE2dizing principle has been changed to
peak detection mode where the maximum value obktadtered signal is measured rather
than the area under the pulse. After the sizinggple was changed a one-month dataset
was collected at Karlsruhe site, under identicah@ang conditions that have been
preferred for the Karlsruhe sampling. Both measer@s at the same place and in same

season, albeit on different dates were plotteddn4=6 and Fig. 4.7, respectively.

Figures represent the aerosol number size disioiigit In Fig. 4.6 it can clearly be seen
that there is a peak between 2 — 3 um on each pametach panel represents a different
particle selection criteria which is defined on TEaR.2), suggesting that the fluorescent
particles in this size range dominated the wholeupetion at the sampling site. To be able
to see the difference between two different partisizing methods the number size
distribution for particles sampled from 17 OctoB8d.2 to 5 November 2012 was plotted in
Fig. 4.7. Note that all sampling conditions arentizal with the previous sampling at

Karlsruhe site and the only difference is the miediparticle sizing method of WIBS from

pulse integration to peak height detection.
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Figure 4.6: Number size distributions (old prinejpfor Karlsruhe site (logarithmic mid-
size bins; from 17 October 2010 to 5 November 2@a0ylifferent particle types including
fluorescent and non-fluorescent particles. Solm:limedian values. Dark shading: inter-
quartile range (Z5and 7% percentiles). Light shading: #@&nd 90" percentiles. Note that
percentiles or median values intersecting the s-agpresent a zero concentration which

cannot be shown in logarithmic scale.

The most distinct difference between Fig. 4.6 aigd 4.7 is for larger patrticles. In Fig. 4.6
there is a steep decrease on the distribution ctoveparticles larger than a few
micrometers, while in Fig. 4.7 the same curve fea plateau and the decrease is slower
than it is in Fig. 4.6. The submicron size par8cteem to be better reflected in Fig. 4.6
than in Fig. 4.7 which can be seen from the narro®@ and 9@' percentiles. As a
conclusion of this direct comparison one can sat 8ize distributions of fluorescent
particles between 0.8 and 3 um are only slightlgcaéd in all cases reported in this study,
i.e. for some of the laboratory tests, for the Karhe site and for the Zugspitze site.
However, for particle sizes larger than 5 um thera great uncertainty for the aerosol

number size distribution reported for Karlsruhe ¢kig. 4.6).
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Figure 4.7: Number size distributions (new prine)plor Karlsruhe site (logarithmic mid-
size bins; from 17 October 2012 to 5 November 2@d2ylifferent particle types including
fluorescent and non-fluorescent particles. The da¢aplotted in the same way as in Fig.
4.6.

Keeping in the mind that the FBAP number conceimnafound at Zugspitze site was
comparably lower than it has been observed at Kdms site, main features of aerosol
number size distributions for summer term have lsoussed in Fig. 4.8 and Fig. 4.9. If
number size distribution plot is divided into fineode and coarse mode, | can state that
throughout the measurement periods non-fluoresoanicles dominated the total aerosol
in fine mode while the coarse mode consisted afréacent particles. Number distribution
for each fluorescent type (i.e. F1, F2 and F3)@ioed one distinct mode at ~ 2.5 um and a
shoulder at approximately 1.8 um at Karlsruhe giteZugspitze site there was only one
distinct mode at ~ 2.5 um, suggesting that therélsicent particles can be transported to
very high altitudes and may impact cloud formatand precipitation. However to what
extend the bioaerosols may impact the ice and/opletr formation at Zugspitze site is
beyond the scope of this thesis. It was one ofntiagor objectives of this study to find



49

indications about long range transportation ofdgadal aerosols. The main mode between
1.8 — 3 um was attributed to fungal spore reledséadsruhe site (Toprak and Schnaiter,
2013) and there are also other studies at diffdi@dtions giving similar indications of
release of actively wet discharged fungal sporasf(iain et al., 2010; Gabey et al., 2010;
2011). Schumacher et al. (2013) found similar tsefiok FBAP in Hyytidla and in
Colorado, concluding that the mode at ~ 3um wagrtbst common individual mode and it
has been attributed to mainly fungal spores andoawgrated bacteria. In WIBS bacteria
fluoresce mostly on channel F1. However, it hasildeand that bacteria fluoresce less but

significantly on channels F2 and F3 either (chaBteect. 4.4.).
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Figure 4.8: Number size distributions of Zugspifleyarithmic mid-size bins; for August
2011) for different particle types including flugsent and non-fluorescent particles. The

data are plotted in the same way as in Fig. 4.6.

One other important feature that has been obseowdyl at Zugspitze site is that the
particles fluoresce on channel F1 are smaller thamm, while channels F2 and F3 show
better statistics for particles larger than 5 prhafTthe channels F2 and F3 are not

correlated with non-fluorescent particles in coamsede suggests that the coarse mode
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aerosol consists of mostly fluorescent biologieabaol. This feature is slightly different at
Karlsruhe site where all three fluorescence channehve identical number size
distributions, suggesting one type of source ipaasible for the fluorescence measured at
this site. In contrary to Zugspitze site, at Karle site the main total aerosol particles

(TAP) mode (1.8 — 3 um) consisted mostly of flucesg particles.

In contrary to the fluorescent particles, non-feswent particles did not contribute to the
coarse mode part of the size distribution. BotKalsruhe and at Zugspitze site number of
non-fluorescent particles decreased with increapartjcle size. This behavior was shown
in Figures 4.8 and 4.9 (panel Non-FL) where th& a6d 9@' percentiles are broadened

and also the median values drop below unity.
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Figure 4.9: Number size distributions of Karlsrulegarithmic mid-size bins; for August
2010) for different particle types including flugpent and non-fluorescent particles. The

data are plotted in the same way as in Fig. 4.6.
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4. Diurnal patterns

Another advantage of the online bioaerosol momtpiis that the high time resolution of
the collected data allows for the representatiodailfy (diurnal or 24h) averages of number
size distributions and number concentrations falividual channels. However in some
cases because of lack of statistically good datasgailable it may not be possible to
generate a 3D plot to present the averaged fluen¢ésmerosol number distributions (i.e.,
data collected at Zugspitze site). Therefore | willy present seasonally averaged diurnal
patters belong to Karlsruhe site in this chapteeasBnally averaged number size
distributions and number concentrations have bdetied together with corresponding
meteorological parameters such as ambient temper@y and relative humidity (RH) for
fluorescence channel F1, F2, and F3 (Fig. 4.10, #igl, and Fig. 4.12), accordingly.
Diurnal change of TAP for individual seasons wasvahin Figure 4.13.
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Figure 4.10: Seasonally averaged diurnal fluorasganmticle number distributions and
number concentrations at Karlsruhe site. Fluoreszatata represent the channel F1 of
WIBS. Top panel, left axis (yellow markers): tenmggere (T), right axis (purple markers):
relative humidity (RH). Central panel, left axisgégn markers): fluorescent aerosol number
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concentrations (£), right axis (black markers): ratio of fluorescepdrticles to the total
aerosol number (%). Lower panel: size distribut{di/dlogDo) of fluorescent aerosol
particles for individual fluorescence channels.nBarent or light bluish areas represent

zero or very low numbers. (a) spring, (b) summ&ra(tumn, (d) winter.

The most important and the most distinct featuralbthree figures is that the fluorescent
particle number concentrations were higher in trenang hours than they were during day

time. In some cases an early morning peak hasalsio observed.
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Figure 4.11: Seasonally averaged diurnal fluorasgamticle number distributions and
number concentrations at Karlsruhe site. Fluoreszatata represent the channel F2 of
WIBS. The data are plotted in the same way asgn4iL0.

This behavior of fluorescent biological aerosol wagorted by several studies in literature
(Huffman et al., 2010; Gabey et al., 2010, 2011prak and Schnaiter, 2013; Schumacher
et al., 2013) and it has been suggested that #iereld be a positive correlation between

FBAP and relative humidity and/or temperature ab.we
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Figure 4.12: Seasonally averaged diurnal fluorasgamticle number distributions and
number concentrations at Karlsruhe site. Fluoreszatata represent the channel F3 of
WIBS. This channel is similar to the commercialsagable UV-APS instrument. The data

are plotted in the same way as in Fig. 4.10.

In the spring termNF:1 started to increase in the evening hours (in mbshe time after
sunset) and reached a fairly large number in ttgnigiht. During the night timélr1 kept
almost constant and in some cases a maximum vasidé&en observed in the morning
hours, after the sunrise. The lowégt values have been found during day time (between
12:00 — 15:00) when the temperature was highertlaadelative humidity was loweNr
started to increase after sunrise and kept relgto@nstant during day time. TAP number
concentration started to decrease after 15:00 suntiet. After sunsetly slightly increased
and stayed constant until the next sunrise. In semgimilar diurnal trends have been
observed in all fluorescence channels and as wgetba TAP. FBAP were again higher
between 18:00 and 09:00 (local time), albeit inagahaverag®&rsar has been found to be
higher than it has been in spring. In addition,esbed decrease in tid1, Nr2, and as well

as in theNgs shifted to early noon hours. In contrary to spriegn a clear morning peak
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has been observed in summer. Similar to the speing, Nr was high during daytime and
lower but almost constant between 17:00 and 06I®@ diurnal change ONrsar Was
observed also in autumn term but the average nuodrerentration of fluorescent particles
have been found to be lower compared to the sunpeeod. The same diurnal mode
between 2 — 3 um has again been seen, suggestihththrelease of the same type of
particles continue all the year round. A higher bemconcentration of larger particles,
which has been observed in this term, was attribttethe release of another type of
aerosol (Toprak and Schnaiter, 2013). However,nié particle detection principle has
shown that this feature was most probably becafisbeotiming issue, which was more
effective for particles larger than 5 pm. It shoblel still noted that the pollen release in
autumn could be the reason for the clear increagbd latest size bin. Major difference
between autumn and spring — summer samplings isithaw particle mode between 1 — 2
pm was observed. This new mode can be attributeddifferent aerosol source because
both in spring and summer terms, there is no distmode in this size range.
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Figure 4.13: Diurnal change of TAP number conceiaing at Karlsruhe site (upper panels)

and integrated number size distributions (lowergtgrfor individual seasons.
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Interestingly, this mode has become clear towandsbeginning of winter term where the
average ambient temperatures are at their minimaiores and the RH lies between 76%
and 88%. Buller at al. (1910) has already repontethe first decay of twentieth century
that the bacterial concentrations have the maxinmu8eptember and also the minimum in
March. Thus, the second mode that was observddeitate autumn and in winter can be
attributed to bacterial releases (panels “c” andofdFigures 4.10, 4.11, and 4.12). Similar
to the summer term, in autumn TAP was nearly congtaring day- and nighttime. Unlike
the other three seasor$; and Nt were almost constant during entire season. However
nighttimeNr was for the first time higher than it was in daeygi In winter the land surfaces
were covered by snow and the release of biologieabsol was prohibited. Because of the
fact that the atmospheric boundary layer is narrowehe night,Nt was also higher in
nighttime than it was in daytime. Another reason tlis behavior is that th&lr was
dominated mostly by non-fluorescent particles imtei. The general particle mode
between 2 and 3 pm was again observed but for itee time another distinct mode
between 1 and 2 um was observed, especially innehdfl (Fig. 4.10d). The reason for
this particle mode that appears towards the eraltatfmn is though not clear, products of
the combustion gases. The reader should keep iml ithiat the ratios of number of
fluorescent particles for soot aerosol (i.e., faclke fluorescence detection channel) were
calculated for Karlsruhe site and were less than 1%

5. Correlation of bioaerosols with meteorological paeters

In several studies published over the last decadesa correlation of number concentration
of FBAP has been found between relative humidéggerature, and as well as rain events
(Gabey et al., 2010, 2011; Huffman et al., 201A,22®013; Toprak and Schnaiter, 2013;
Schumacher et al.,, 2013). Here, | will show thereation of FBAP with RH at the
Karlsruhe site. Figures 4.14 and 4.15 illustrate tependency of FBAP on different
meteorological parameters such as RH, temperat)yglpbal solar radiation (W#h wind
speed (n8), rain fall (mm) for four seasons between AprillR0and April 2011. To get a
first overview of the effect of each meteorologiparameter all data have been plotted in
the same figure. In Fig. 14a and Fig. 4.14b, thenst correlation betweendhe and the

RH is notable, especially during clear sky peri@dslicated by distinct diurnal trends of
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global solar radiation) with warm and dry days aondl and humid nights (i.e. between 22
May — 25 May). A continuous release of biologicatasol has been observed in this time
of the year, which was apparently triggered by hlidgtumid conditions. Relative humidity
related release of biological aerosols has beessiigated in several studies. Hirst (1953)
found a direct relationship between releas8axidiomycota (BMC) type of fungal spores
and RH. This type of fungus ejects its spores atingrto a specific mechanism, which has
been investigated and reported by Pringle et &l0%2 They have successfully visualized
the mechanism dballistospore discharge by using conventional still photomicasc To

be able to quantify the correlation between the emof fluorescent biological particles
and the ambient relative humidity | have perforn@edtatistical analysis on the data for
individual seasons. The number of particles theduianeously fluoresce in channels F1
and F3 were correlated with RH values, which wereasared with the same time
resolution.Nr1F3 were averaged into 100 RH bins and the correspgnaiean and median

values were plotted in Fig. 4.16.
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were plotted in the same way as in Fig. 4.13. {ty@an, (d) winter.

The resulting curves were fitted according to a @olaw function and the coefficients of
determination (R for the non-linear regressions were also caledlafsee Fig. 4.16).
Figure 4.16 clearly shows that the biological aerasumber concentration increases
exponentially with increasing RH, especially betwe&0% RH and 95% RH in spring and
in summer, as well as in autumn albeit to a loneggrde. Although a certain RH is required
to initiate the release of fungal spores it sedms the dew formation is the limiting factor
for bioaerosol release. Schumacher et al. (201@)esited that after some point (e.g., ~82%
during summer) formation of dew on plant and teri@ssurfaces prevented release of
biological particles. At Karlsruhe site howeversthimit RH was found a bit higher (Figure
4.16).
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Figure 4.16: Correlation of the fluorescent aeraaahber concentration with the relative
humidity; meamNr1rs (red markers), mediaNr1r3 (green markers), fitted curve according
to the mean values (solid black lines), variabilifyNF1r3 represented with plus-minus
standard deviations (grey shaded areas). Fit fumcf{x) = a.®+c; (a) spring (R= 0.924),
(b) summer (R=0.911), (c) autumn @= 0.541), (d) winter (R= 0.652).

My findings are in good agreement with the receautys from Gabey et al. (2010). As a
conclusion it can be speculated that the fungatesparhich are seen most of the time at
Karlsruhe site are most probal®asidiomycota (BMC) type of fungal spores, which are
released mostly during nighttime and under very iduoonditions. Fréhlich-Nowoisky et
al. (2012) performed the DNA-based analysis ofaimb fungi in continental, coastal and
marine air. They found that the BMC dominate cogtital air, while Ascomycota (AMC)
prevails mostly in marine and coastal air. On ttieeohand, | did not find any evidence of
passive release of fungal spores which is generalgted to the wind speed or wind
direction. However, in some cases FBAP releasee@sad after rain events. This feature
was also reported in the recent literature by Hafinet al. (2013) and Schumacher et al.
(2013).
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6. Size segregated asymmetry factor (Af) data

The asymmetry factor (Af) and its definition hasbealiscussed in chapter 2 (sec. 2.2) in
details. The particle sphericity has been investididor individual seasons at Karlsruhe site
and as well as at the Zugspitze site. Data wertedan a way that the dependency of each
single particle on both particle size and asymmtztcyor can be shown in one figure. The
data were categorized into a multidimensional arBiynensions are Af, particle optical
size, frequency of occurrence of single particleecktons, accordingly. Each particle event
was split into pre-defined arbitrary size- and asytry bands. Frequency distributions,
each was normalized to its own maximum to provideeter visual interpretation, were
plotted respectively in Figures 4.17, 4.18, an®4With other words, each single particle
has been selected first according to the optiea and then categorized further taking into
account the corresponding asymmetry factor valle fesulting four dimensional array
was averaged for the entire sampling period (haddvidual seasons) and plotted in
corresponding figures. It should be kept in minak tihese figures reflect all particle events

but not only the biological particles.

In the following paragraph AF features of the Karte site will be discussed in detail.
Particles that were smaller than 1 um had a moé&abétween 7 and 18. In summer and in
autumn a bimodal distribution was observed. Thiggests that there were two different
types of aerosol in this size range.. Particledrtagizes between 1 and 2 um had modal
AF between 10 and 15, and this feature was stabilagicomplete four seasons. In autumn
and in winter a second AF mode below 10 has alem Iseen. Apparently non-biological
aerosols dominate this size range and small iner@adacteria concentrations was not
reflected on normalized AF distributions. Due teitthigh asphericity one would expect to
see the bacterial mode close to right hand sidbeAAF distribution. Previously Gabey et
al. (2010) deployed a WIBS instrument in the trapiorest and found that mostly fungal
spores dominating the size range between 2 and.4rhistdominating mode was reflected
on normalized AF distributions with an AF mode & Z'his dominating mode between 2
and 4 um was attributed to fungal spores. The s@mmeinating mode was seen also at

Karlsruhe site. The modal AF had a monomodal distion in spring and in summer. Later
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on a bimodal distribution was observed, suggestingt a second type of aerosol

contributed to this size range.
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Figure 4.17: Asymmetry factor distributions at Kadhe site for: (a) spring (b) summer (c)

autumn (d) winter

In contrary to particles that are smaller than 4jarger particles had a modal AF between
15 and 60. This feature was almost constant duiregcourse of the one year online
sampling. It has been shown that in this rangeate of number of fluorescent particles to
the total aerosol number is greater than for smaleticles (Toprak and Schnaiter, 2013
and next section). Thus the larger particles areenfikely of biological origin. However,
the larger the AF values the less spherical thégbes are can be explained with the fact
that in the atmosphere there is a continuous migindifferent aerosol species. Thus the
larger AF values may represent biological aerosuised with several biological and non-

biological aerosols which most probably have irtagshapes.

At Zugspitze site the AF distributions were almadntical, pointing out the lack of
constant release of biological aerosol at this @tig. 4.18). Minor differences between
individual plots can be explained with the locdkefs. It can clearly be seen that there was

no seasonality at Zugspitze site.
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Figure 4.18: Asymmetry factor distributions at Zpigge site for: (a) spring (b) summer (c)

autumn (d) winter
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7. Size dependence of FBAP/TAP ratio

Though there is no direct evidence that partick $s directly proportional to detected
autofluorescence, it has been shown that the amoufiuorophore in any particle is
correlated with fluorescence intensity (Hill et, &001). Thus it is likely that larger aerosol
particles contain more fluorophore which shouldeeti® detection of those particles in
compared to smaller particles. Another valuablelltesf this study is quantifying the size
dependence of the relative contribution of FBAR&P. Size segregated ratios of number

of fluorescent particles to the total aerosol whustrated in Fig. 4.19 and in Fig. 4.20.
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Figure 4.20: Average number size distribution &f BEBAP to TAP number concentration
ratio dNr1/dN7y) for individual seasons. Measurement site: Kahsru(a) spring, (b)

summer, (c) autumn, (d) winter
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Figure 4.21: Average number size distribution & BEBAP to TAP number concentration
ratio (dNr2/dNt) for individual seasons. Measurement site: Zugspit(a) spring, (b)

summer, (c) autumn, (d) winter

8. Conclusions and summary

The number concentrations and distributions obri#iscent biological aerosol have been
studied at three different locations in three ddfe altitudes. Aerosol number
concentrations are different by several orders a@fgmitude, albeit the number size
distributions are similar to a certain extent. foe first time the seasonal variation of
FBAP has been reported at a semirural environmeahtad two high altitude observation
stations, one at the Zugspitze in Germany and tieead Jungfraujoch research station in
Switzerland. At both sampling sites, the FBAP iasex from beginning of the early spring
and reached a maximum towards the end of summer &d decreased again to its
minimum in winter term. This seasonality has belseoved also at Zugspitze site, albeit to
a less extent. The Karlsruhe site showed clearosehsand diurnal cycles, with
concentrations highest during the sumnn$ 93 L%, Neo= 150 LY, Nes= 93 L2, Neirs=

66 L1). These results are in good agreement with thentestudy by Schumacher et al.
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(2013). They reported the maximum bioaerosol nungbacentrations in summeNHc =

51 L) for a boreal site in Hyytiala andN{c = 30 L*) for a semi-arid environment in
Colorado. UV-APS and WIBS were operated side bg sgiadsample the ambient aerosol for
several months at Karlsruhe site. It has been fahatithe integrated coarse mode FBAP
concentrations are in a good agreement if the addFhof WIBS is compared to UV-APS
counts (data not shown). However, this agreemenbtis/alid for entire size range of UV-
APS or WIBS. Counting efficiency of WIBS decreaséseply below 1 um. For particles
that are larger than 10 pm there could be somenssdation loses in the sampling tube.
Therefore, we applied the comparison only for ples between 1.0 um and 10 pm. At the
Zugspitze site the maximum concentrations were rgbgdeon sunny and warm summer
days (Nr1= 11 L%, Nr2= 22 L2 Nrs= 16 L2, Nrirs= 8 L1). In contrary to Karlsruhe site no

diurnal change of FBAP was observed at Zugspitee si

Number size distributions of fluorescent particlesre similar for both Karlsruhe and
Zugspitze sites. Because of the worse statisticZuaspitze site there was a large
uncertainty for particles larger than approximatelym. This behavior was reflected on the
10" and 90 percentiles where ¥Qpercentile crosses the x-axis for larger partials the
other hand at Karlsruhe site a better statisticshbeen observed which was reflected on a
broader number size distribution until 10 pum. Alas been previously reported, the mode
between 1.5 and 3.0 um was especially distinctaatskuhe site but was observed also at
Zugspitze site. A recent study by Gabey et al. 8@&howed that the bacterial release is an
important source of FBAP at the high-altitude site central France. They further
concluded that there is no correlation between mhlaRl and channel F3 during the entire
sampling period. At Zugspitze site channel F1 ahdnoel F3 showed lower counts but
they correlated together when both of the chanmelasures fluorescence signals above a
certain threshold, suggesting that the sourceaddrpsol at Karlsruhe site and at Zugspitze
site may be similar in nature. One of the most irtgod objectives of this study was to find
out whether biological aerosols can be transpoaeer long distances. It is very well
known that biological aerosols are mostly bett@udl condensation and ice nuclei than
mineral dust or soot. Under the light of my findsnig can be stated that biological aerosols

can be transported over very large distances aedubiquitous even at high-altitude
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mountain regions (above 2500 m a.s.l.). Thus thay a&ct as giant cloud condensation
nuclei (GCCN) and as well as ice nuclei and malperfce the precipitation, especially the
mixed-phase clouds prevail. However it should bpt e mind that there is a significant
effect of planetary boundary level (PBL) at Zugagitor most of the time. This PBL effect
was more significant in summer time. At JFJ staifer8500 m a.s.l.) effect of PBL has
been shown to be negligible between November andadg. In summer time the PBL
effect is significant and should be considered dme to conclusion about the impact of

biological aerosols at these altitudes.
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Chapter 5

Monitoring and characterization of

extreme dust events at JFJ

1. Scientific motivation

The main motivation to study the fraction of bidlkey particles in the ambient aerosol was
the potential elevated ice nucleation activity ohenal dust or soil dust aerosol in presence
of some biological organisms. For instance, Stertkal. (2013) investigated the IN ability
of different soil dust samples that had been ct#@érom all over the world and found that
the soil dust samples that contain biological malenitiate ice formation at warmer
temperatures in comparison with ATD or other cleasimineral dusts under similar
conditions. My laboratory studies have shown thdB®/is able to detect the biological
aerosol from the ambient atmosphere to a certaianexand is also able to distinguish
bioaerosol from non-biological particles within sermuncertainties that arise from
fluorescence of non-biological compounds (see G}t Table 5.1 gives an overview of
the laboratory characterization of some soil dusts.a final step of this PhD study,
ambient aerosol has been monitored online at JF3eweeral months with the intent of
finding a correlation between extreme dust transpions and the biological aerosol
activity. Ambient aerosol that has been analyzatihdwseveral Saharan dust events (SDE)
at the high alpine research station Jungfraujo€d)(are also given in Table 5.1. In this
study four SDE were investigated and the numbeceatnations and size distributions of
FBAP within or without SDE were provided. It hasebepreviously suggested that the
number of ice nuclei (IN) increases during SDE (Cleto al., 2011). However, the reason
for this increase has not been explained yet. Asgtlsaggested that new instrumentation
and also more studies are necessary to be ablaiexpis increase in IN numbers. A

possible increase in IN numbers during SDE by aadport was the motivation for online
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monitoring of coarse mode aerosol at the JFJ. Byguthe latest version of the WIBS,
ambient bioaeorosol was monitored froni"28 May 2013 until 1 of February 2014. An
increase on FBAP number concentration was founohgwweveral SDE. In order to predict
a SDE, both the BSC-DREAMS8b dust model (Nickoviakt 2001; Perez et al., 2006a,b)
and the wavelength dependence of the single sicaftatbedo (SSA) and the Angstrom
exponent (Coen et al.,, 2004) were used. These exp®nvere provided by Paul Scherer
Institute (PSI). Satellite pictures supported thespnce of mineral dust and some
biological aerosol during the observed SDE. A direaomparison between the
commercially available dust monitor (Grimm 1.10%daWIBS was also provided. This
chapter shows mainly the first dataset of onlinerféscent particle measurements over
several months and discusses variation of FBAP eurnbncentrations and number size
distributions with respect to several SDE at thd. JRvestigation of ice nucleation
properties of Saharan dust aerosol together witBS\bnline sampling during SDE at JFJ
would be an interesting contribution to the fieltdamay provide a possible explanation to
the findings of Chou et al. (2011). However thidl We the subject of forthcoming studies
and is beyond the scope of this PhD thesis.

2. Data analysis method

That the single scattering albedo exponent is neg&br at least 4 hours, it was assumed
that a SDE occurred and an email notification wergt $0 users. WIBS was established at
the JFJ station on #50f May 2013. Number of fluorescent particles ahé tatio of
number of fluorescent particles to total aerosalntavere summarized in Table 5.1. It has
been assumed that Arizona Test Dust (ATD) contaimsbiological material. However
ATD produces significant amount of false positivas all of the fluorescence detecting
units of WIBS. Therefore the counts were corredted way that the median fluorescent
aerosol particle ratio calculated from ATD aerosmls taken out from each dust sample.
The main difference between the soil samples ttehke et al. (2013) investigated and the
Saharan dust that WIBS detected at JFJ is thasailedust fluoresces mostly only in
channel F1, while Saharan dust at JFJ fluorescedl ichannels. This feature of Saharan
dust will be discussed together with chemical cositpmn of the collected aerosol at JFJ in

this chapter. The beginning time and the duratib®DE events were tabulated in Table
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5.2. Events lasting longer than 24h refer to strduagt events, while events lasting between
4h and 10h refer to weak dust events. It has beeviqusly reported that the strong dust
events occur mostly in March — June and August veNtber periods (Coen et al., 2004).

Figure 5.1 shows an example of how dust is tranegdacross Europe.

BSC-DREAMS8b v2.0 Dust Load (g/m?) and 3000m Wind BSC-DREAMS8b v2.0 Total Cloud Cover

00h forecast for 12UTC 01 Aug 2013 00h forecast for 12UTC 01 Aug 2013
hitp:/ f ce/BSC—DREAM/ http:/ fwww.bsc.es/projectsearthscience | BSC—DREAM/
2 2.5 g i 5 O SN Y W Ve

. Vet =

40°N

10°N

20 m/s

Figure 5.1: Dust load from Sahara desert over Spath the cloud cover for the same

region.



69

Table 5.1 Mean fluorescent aerosol number condgmsaand number ratios in several dust samplesdamitig some SDE

events. Number ratios were corrected by subtrathiagontribution from autofluorescence of Arizaest dust (ATD).

N1 Nr2 Nr3 Nr/Nt (%) Ne2/Nt (%) Nes/Nt (%)

ATD 204 + 4: 526 £ 7. 396 + 8. 1+0.2 3+0. 2+0.
Ms01 678 + 8( 185 + 39 39 + 1t 9+1 3+1 1+0.1
Gs0: 222 + 3¢ 70 + 1€ 26 + 1: 31 1+1 nd
As01 213+ 72 100 £ 10° 9+5 5+1 2+2 nd
SD1¢ nd nd nd nd nd nd
AD nd nd nd nd nd nd
Non-SDE-Day 3 5 3 10 22 13
SDEO! 22 + € 81 + 2¢ 43 + 1« 2 8 4
SDEO: 46 = 1: 133+ 3¢ 74 £ 1¢ 4 11 6
SDEO: 8+EF 18 + 26 12 +7 2 5 3
SDEO0¢ 8+¢& 34 + 2¢ 32+ 2 2 10 6
SDEO¢ 14+9 42+ 18 27x12 2 5 3

nd: not detectable
AfD: Afghanistan dust; SD19: Saharan dust; MsOlnitaian dust; GsO1: German dust; AsO1: Argentimiast
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Table 5.2 Details of SDE events at JFJ station

Short name of the Start date of the Duration Remarks
event event
Low Nr1
SDEO1 17.06.2013 ~ 2 days High Nrz, High N3
1um<Do<10 um
Low Nr1
SDEO02 03.08.2013 ~ 5 days High Nr2, NF3
lpum<Do<6 pum
Low Nf1
SDEO3 23.08.2013 ~10h HigherNr2 andNr3
l1pm<Do<8pum
Low Ng1
SDEO04 28.09.2013 ~11h HigherNr2 andNr3
l1pum<Do<4 pum
Low Ng1
SDEO5 18.02.2014 ~ 2 days Low Nr2 andNrs

lpum<Do<6 pum

3. Bioaerosols during SDE periods

WIBS was operated in parallel to a Grimm 1.109 duoshitor to investigate the responses
of two different optical particle counters to thieaoge on coarse mode aerosol number
concentrations and size distributions. Figure Buatrates the direct comparison of WIBS
and Grimm OPC for the size range of 1.0 gr@o < 10 um during SDEO1. It can clearly
be seen that WIBS underestimates the total aemsober concentrations during SDE
events. This can be explained with the fact that WIBS and the Grimm OPC have
different sampling flows and the sampling systemasisokinetic. The largest uncertainty
between two instruments was for particles smahant2 um. This feature is reflected on
the lower panel of Fig. 5.2 (e.g., black and relidsines). Nvigs/Narimm ratio falls below
unity for this size range and increases with insirggaparticle size, suggesting that WIBS
counting efficiency is better than the Grimm OPGChis size range
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Figure 5.2: Integrated coarse mode aerosol numlmrcentrations, number size

distributions and size segregated ratio of numlmercentrations of WIBS and Grimm.
Upper panel: aerosol number concentrations measobyedVIBS (black markers) and
Grimm (red markers). Lower panel: left, aerosol bemsize distributions for WIBS (black
solid line) and for Grimm (red solid line); righwes/Nerinm (mMmean, blue dashed line;

median, blue solid line).
3.1. Saharan dust event 01

The first SDE was observed on June 17 and lastedapproximately two days.
Corresponding Dream8b simulation shows the arwfadust at Jungfraujoch on June 17
(Figure 5.3). The same figure illustrates the iaseeon fluorescent particles after dust load.
A 96-hour back trajectory for this event (Figur®,Supper panel left) was created using
HYSPLIT. Back trajectory ensemble indicates tha #ir reaches JFJ station on June 17
originates mostly from Sahara region and from Ndktlantic Ocean. The fluorescence
data show that the aerosol number size distributmrers a large particle size between 1
pum and 10 pm. However two distinct modes were ifiedtfor channel F2 and channel F3

type of particles. The first mode was between 2 &pin, whereas the second mode lied
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between 6 um and 9 um. Surprisingly, this featdrth@® aerosol number size distribution
was different for different dust events. When | gamed the data with laboratory tests that
have been conducted using different soil and mirdhrat aerosols, | have seen that there

were some major differences between fluorescenaensis.

BSC-DREAMSb v2.0 Dust Load (g/m?) and 3000m Wind
72h forecast for 12UTC 19 jun 2013

BSC-DREAMS8b v2.0 Dust Load (g/m*) and 3000m Wind
12h forecast for 00UTC 17 Jun 2013
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Figure 5.3: Time series of fluorescent biologicakrasol particles for SDEO1 and the

corresponding Dream8b model data.

ATD for instance fluoresces on each of the channalbeit the fluorescence on
combination of any two channels is significantlyvloThe lowest panel on the right hand
side of the Figure 5.3 shows the number of flu@esmarticles for combination of

fluorescence channels. It can clearly be seentligaberosol detected during the SDEO1
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consists of biological particles. One can argué¢ tfhe dust aerosol produces false positives.
Therefore the fluorescent particle numbers wasected for each SDE by subtracting the
possible contribution from the fluorescence of maheust itself (see Table 5.1). That the
NADH-like particles dominate the aerosol collecthating SDE it can be suggested that

the aerosol was polluted with fungal species amgesaiable bacteria.
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Figure 5.4: Total aerosol number size distributainthe total aerosol particles during

Saharan dust events at JFJ.

Although it is rather speculative, presence of semable bacterial aerosol may explain the
high F2 and F3 signal for particles between 1.5gmch4 um. In a recent study Gabey et al.
(2013) reported the fluorescent aerosol at higitudk site in central France. They found
the similar feature that the NADH-like particle® aimost always greater than the Try-like
particles and lack of correlation between two péetclasses. They further concluded that
the data were inconsistent with previous UV-LIF sweaments, pointing out the
fluorescence of non-urban aerosol may have inclyokedially decomposed biological
material, soil dust and/or plant debris. An intéregfeature of soil dust aerosol is the weak
fluorescence on channel F2 and channel F3 whiclotisommon for the aerosol that was
detected at JFJ site.
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3.2. Saharan dust event 02

The second SDE was the strongest event that hasobserved during the whole sampling
period and lasted for almost five days. Similar thee first SDE, the total and the
bioaeorosol number concentration increased fronkdvaand concentrations to several
hundreds. Figure 5.6 illustrates the WIBS fluoreseedata together with corresponding
Dream8b simulation. In contrary to SDEO1, duringEBR the 1 was larger and the size
distribution of fluorescent biological aerosol wssfted to larger particles. Back trajectory
analysis (Figure 5.5, upper panel right) points that the air masses reach JFJ station on
August 3 originated mostly from southwest (Sahaesed) and west (North Atlantic

Ocean).

It can be seen from the Figure 5.6 that two diffeggarticles modes dominated the channel
F3. First mode was observed at the beginning oSIBE and included particles between 3
and 6 pum, while the second mode which was firsh sfter 12 hours had a broader size
distribution. The channel F2 on the other hand sitbabroad spectrum covering particles
between 0.8 and 6 pum during whole SDE. Apparerite/Nr2/Nr3 ratio changed in the
afternoon on August 03, suggesting a different tgpéioaerosol source. The laboratory
tests with different fungal spores (e.glternia alternata, cladosporium cladosporioides,
penicillium notatum) showed that thé\r2/Nrs has values around 1.1 which was almost
constant for all fungal spores tested in the latooya Except the first 12 hours during the
SDEO2Nr2/Nr3 was between 1 and 2. | suggest that the Saharstnaduved to the JFJ
station was mixed with fungal sporéé-1/Nr3 andNri/Nr2 values are also consistent with
laboratory tests. However the data for the firsthbRrs of SDEO2 cannot be explained by

known fluorescence data of fungal spores.
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BSC-DREAMSb v2.0 Dust Load (g/m*) and 3000m Wind BSC-DREAMSb v2.0 Dust Load (g/m*) and 3000m Wind
00h forecast for 12UTC 03 Aug 2013
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Figure 5.6: Time series of fluorescent biologiaaiasol particles for SDE02
3.3. Saharan dust event 03

The SDEOQS is interesting from several ways. Fifstllp SDEO3 cannot be seen neither on
corresponding Dream8b simulation (Fig. 5.6 uppemepanor suggests back trajectory
analysis (Figure 5.5, lower panel left) air masseginating from Sahara region. However
the requirements for a Saharan dust event have fod#led and a steep increase on total
aerosol number concentration was observed. AlthdhgiNrsar was not as high as the

other two events, particles fluorescing mostly c¢ter2 and channel F3 were seen. Third
event lasted only for 10h and therefore it candgarded as a weak event. Different from

the first event the number size distribution codesenarrower size band between 1 and 8
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um. Nez was measured around 2@,Lwhile theNg2 and Nes were approximately 40 L

These results are again in a very good agreeméhttiae study published by Hallar et al.

(2011).
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Figure 5.7: Time series of fluorescent biologicaiasol particles for SDEO3

They found the mean FBAP measured by UV-APS todieiden 10 and 30-Lfor two
consecutive dust events at Storm Peak Laboratd?y,(8210 m a.s.l.)When compared
with the features observed from fungal spores tlate been tested under controlled
laboratory conditions, ratios of number of fluorestparticles on different detection bands
of WIBS suggest that the aerosol detected during®&Dis consistent with fungal spores.
After analyzing three different fungal spores tb#dfwing results were observeblF2/Nr3
appears between 1.1 and IN2;/Nr3 falls within 0.5 and 1.0, andr1/Nr2 between 0.5 and

0.8 respectively.
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3.4. Saharan dust event 04

The SDEO4 showed different features than all odvents. For the first timBr2/Nrs was
measured as lower than unity (eNr2/Nr3=0.5; NF1/Nr3=0.5; Nr1/NF2=1). This difference
may be explained with differences in chemical cosmpans of the aerosol detected during
SDEO4. In compared to the first two events thisnévan also be considered as a weak
event since it lasted only for eleven hours. Caoesling Dream8b simulation together
with fluorescence data was illustrated on Figurg Bifferent from other events, size
distribution of fluorescent particles was narron@ne mode around 3-4 um dominated the
bioaerosol size distribution. Calculated HYSPLIsemble (Figure 5.5, lower panel right)
indicates that the air reached JFJ station on Bdyge28 originated from North Atlantic
Ocean and must have travelled over Sahara desmk tBajectories also pointed out that

the air was in contact with the surface beforedtched the JFJ station.

BSC-DREAM8b v2.0 Dust Load (g/m*) and 3000m Wind BSC-DREAMS8b v2.0 Dust Load (g/m*) and 3000m Wind
18h forecast for 06UTC 28 Sep 2013 42h forecast for 06UTC 29 Sep 2013
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Figure 5.8: Time series of fluorescent biologicaiasol particles for SDE0O4
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3.5. Saharan dust event 05

Different from the other four Saharan dust evedising the SDEO5 WIBS has been
operated behind a special inlet called the new Sedective Inlet (ISI, designed and
operated in cooperation with Karlsruhe InstitutéTethnology and Paul Scherer Institute).
There is not yet any published study where thenM&3 deployed. However Kupiszewski et
al. (2014) published an abstract, which will besprged during the AMS Cloud Physics
conference. The authors state that the desigreafi¢iv ice selective inlet is inspired by the

Ice-CVI inlet (Mertes et al., 2007), albeit with jodifferences.

BSC-DREAMSb v2.0 Dust Load (g/m*) and 3000m Wind BSC-DREAMSDb v2.0 Dust Load (g/m? ) and 3000m Wind
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http: [/ fuwnbse esprojects fearthscience { BSC D REA M/ http:/ fwwwbsc.es/projects/earthsci {BSC—_DREAM/
. e i 2 AL : R . ‘ :
Y . d- A3 e -
=0 | faa 60°N 4
50°N B Sk
s 25 500N 25
! 15 15
40°N a40°N
1 1
30°N 30°N
05 05
y 1 20°N
20°N N ) 0.25 025
' .’ ! ,
- s L/ |\Hoos 10°N r 0.05
s \ N v 8 MR Al 1 e < 3 Nl ¥ et TR
WNTW 100w f 0% 20°E 30°E 40°E S0°E 20°W 10°W 0° 10°E 20°E 30°E 40°E S0°E 60°E
20 mis 20 mjs
100 10° 100 10
Fi F2
80 80—,
£ 10 £ = s R I y 1o £
R B 3 O kst O t
2 40 B e IR = 40 : ! $ @ E
20| i 20|
o] 107 o 10"
2 2 2 2
0 20 40 60 80 100 0 20 40 60 80 100
€
3
2
o
18:00 00:00 06:00 12:00 18:00 18:01 0:00 06:00 12:00 18:00
17.02.2014  18.02.2014 17.02.2014  18.02.2014
Time Time
100 10° 100 o’
o] L, + FIF2
s i % F1F3
S N A T A e’ 10 £ A F2F3
= R I F 80+ NealNr
* 40+ AT S ol o B X Negeg/Np
20 = A Negg/Nr,
60w tert
0 10 .
24 2
0 20 40 60 80 100 40
€
3
2 20
o
= 0 s T T T
18:00 00:00 06:00 12:00 18:00 18:00 00:00 06:00 12:00 18:00
17.02.2014  18.022014 17.02.2014  18.02.2014
Time Time

Figure 5.9: Time series of fluorescent biologicaiasol particles for SDEO5S
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In the ISI, droplets are evaporated during theaspnce in the droplet evaporation unit,
which consists of ice coved inner walls, and igestals are transmitted. During the SDEQ5
autofluorescence of these ice crystals were anadlggeNIBS and are shown in Figure 5.9.
The autofluorescence features were similar to therdour SDE, showing low F1 counts
and comparably higher F2 and F3 counts. To fincettwution of biological particles in ice
crystals WIBS was operated at the TSP inlet foess\hours and then deployed behind the
ISI for the rest of the dust event. Size segregditemtescent particle ratiodNE/Nr) are
illustrated in Figure 5.10. An enrichment of thediescent biological aerosol has been

observed in the ice phase, especially for thegestiup to 2 pm.
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Figure 5.10: Enrichment of bio-particles in the ipBase during SDEO5. TSP: total
suspended particles, ISI: ice selective inlet. Raledt: Fluorescence data for channel F2;

Panels right: Fluorescence data for channel F3.

4. Summary and conclusions

During the course of this thesis four extreme dresisportation events were observed and
investigated by using the so called Dream8b dustaih@@eres et al., 2006a, 2006b), single
scattering albedo approach (Coen et al., 2004 tanthtest version of WIBS instrument in

real time. Back trajectory ensembles confirmed thdhree of four dust events air was in
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contact with Sahara desert before it arrives atsi#tdon. The strongest event was observed
on August 03 and lasted for almost five days. ArCOWRhich was operated parallel to the
WIBS instrument, confirmed the arrival of dust aimpling station. However a minor
difference on measured total aerosol numbers has bbserved, especially during SDE
events. Mainly, the four events showed similar fezg where the main bioaerosol mode
was dominated by channel F2 and channel F3. In s@®es temporary changes on ratios
between fluorescence detection channels have a&eo bbserved. Except the SDEO3 all
events were reflected on corresponding Dream8b hwdwilations and HYSPLIT back
trajectory ensembles. In case of SDEO3 the air avaggnated from North Atlantic Ocean
and was not in contact with Sahara desert. DreasiBfulation suggested no dust
transportation on that day either. However the éased total and bioaerosol number
concentrations and that the single scattered albedfficient was negative for at least four
hours points out a Saharan dust event. This diftrean only be explained by examining
the filter samples that EMPA collected on that detyough the aerosol number ratios were
higher during non-SDE periods, the bioaerosol nungbacentrations were approximately
five times higher during SDE events than they wkneng non-SDE days. The results were
corrected by taking the cross-sensitivity of WIBS8tattion method to non-biological

fluorescent aerosols into account and were pregem{€able 5.1.



82

Executive summary and outlook

Main objectives of this study can be given as thetial and temporal investigation of the
biological aerosols at central Europe, ice nuateatiapability of pre-activated Saharan dust
aerosol to enhance the biological activity, andrtteitoring of ambient aerosol at the high
altitude research station Jungfraujoch (JFJ) withdpecific focus on relation between the
increasing bioaerosol concentrations and extrensé tdansportations over central Europe.
For this purpose the latest version of the Wideblaelgrated Bioaerosol Sensor (WIBS)
has been operated under controlled laboratory tondi and later on during three
consecutive long term field campaigns in KarlsrudteZugspitze, and at Jungfraujoch. A
data analysis tool (WDES) has been written and teddandle the huge data collected
during three field campaigns and laboratory tebtss data analysis software will be used
for future studies and is therefore suggested ta kaluable contribution to the scientific
community. Laboratory tests have shown that WIB&aggable of distinguishing biological
and non-biological aerosol. However, in some casesnor cross-sensitivity to the non-
biological fluorescent aerosol has also been folindbvercome this cross-sensitivity in the
case of analysis of the Saharan dust aerosol samalackground correction was applied to
all laboratory tests and to the Saharan dust e(8miE) presented in this study. Beside that
in Karlsruhe a continuous release of wetly dischdrfyungal spores was found, especially
in summer period. This diurnal change on bioaerasohber concentration was related to
the relative humidity (RH) change which is a keygmaeter for the release of wetly
discharged fungal spores. The current literatur@psued this idea and a new
parameterization dealing with the release of furspalres was developed by Hummel et al.
(2014) and will be published soon. Monitoring ot thioaerosols at Zugspitze site has
shown that the bioaerosols are transported ovey Mg distances and therefore may
affect the cloud formation and precipitation, notgiobe scale but in some regions (Hoose
et al., 2010). Moreover despite its high elevatdugspitze is strongly affected by the
planetary boundary layer which was reflected onrrdilichanges of fluorescent biological
aerosol particles. Jungfraujoch station was venyortant because it is most of the time in

free troposphere and less affected by the vegatatiound the mountain site. After WIBS
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was tested and operated at two different locatjaslsruhe and Zugspitze) some detection
and activation experiments have been performedsiyguSaharan dust and the procedure
described in section 2.4. WIBS was used to detecnumber of bioaerosols in some soll
dusts (Steinke et al., 2013) and for Saharan duspkes. Unfortunately the bioaeorosol
concentrations in pre-activated and wet dispersddu@n dust samples were not detectible,
while soil dust contained significant amount of lbgical material. These samples were
then tested for ice nucleation in so called AlDAwtber. It has been seen that the soil dust
samples which has been suggested to contain signifamount of biological material (see
Steinke et al., 2013) are better ice nuclei th@anShharan dust samples used in this study.
A simple comparison between the pre-activated hadity dispersed Saharan dust samples
has shown that the dispersion method that has b&ssh in this study was not suitable for
wet dispersion. This was reflected on number amthsea size distributions of wet and dry
dispersed samples. So, the low ice nucleation ictf pre-activated, wet dispersed
Saharan dust samples may be due to the disperstimodnot the material itself. Pre-
activation of Saharan dust samples may still camsimcrease of biological material on the
dust and may impact the ice formation but needsetfurther investigated. As a final step
bioaerosol concentrations at JFJ were monitoredl@months. By using the Dream8b
model and the single scattered albedo coefficigrtdase studies have been investigated. It
has been found that bioaerosols are transporte8aharan dust events both directly from
Sahara desert and also over North Atlantic OcedmnchMpath the aerosols followed may
have affected the amount and also the type of ¢énesals detected at JFJ. Although the
ratio of biological aerosol at JFJ is lower durfBDE the absolute amount of bioaerosols
are greater than the amounts at non-SDE days. By tise new ice selective inlet (ISI)
designed by Paul Scherer Institute (PSI) and thesidne Institute of Technology (KIT)
together, the biological aerosol inside the icedweds (i.e, larger than approximately 20
pum ice particles were selected and evaporatedeiiSh have been investigated. For the

first time a clear enrichment of the biological@sal in the ice phase has been observed.
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Appendix A

List of frequently used acronyms

Short name Description

TAP Total aerosol particle (all particles detectegd WIBS; fluorescent and non-

fluorescent including missed particle counts)

FBAFP Fluorescent biological aerosol particle (any typélumrescent particle
NON Nonr-fluorescent aerosol partis

Nt Number of all particles detected by WIBS (same AB But used on figure
Nnon Number of no-fluorescenparticle:

NE1 Number of fluorescent particles in channe

Ne2 Number of fluorescent particles in channe

NEes Number of fluorescent particles in channe

NE1r2 Number of fluorescent particles in channel F1 a2

NE1r3 Number of fluorescerparticles in channel F1 and

Ne2r3 Number of fluorescent particles in channel F2 a8

F1 Particles fluoresce in channel

F2 Particles fluoresce in channel

F3 Particles fluoresce in channel

Nrry Particles fluoresce only in F1 but not in or F3 (only Tr-like)

NNADH Particles fluoresce only in F3 but not in F1 or(B&ly NADH-like)
F1&F2 Particles fluoresce both in F1 and F2 at the sé&me

F1&F3 Particles fluoresce both in F1 and F3 at the sé&me

F2&F3 Particles fluoresce both F2 and F3 at the same ti
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Appendix B

Seasonal comparison of coarse-mode median totads@erarticle Krc), median
fluorescent biological aerosol particl&lFc) and bioparticle ratio Nrc/Nrc) trends at
Eggenstein-Leopoldshafen (Karlsruhe, Germany), ugsgitze, and at Jungfraujoch sites.
Missed particle count correction has been appliely for Nrc. For the calculation of
bioparticle ratios only real events have been amsred. Variability in each case listed as +
standard deviation. Following Trenberth (1983) eaaswere defined meteorologically:
Spring (1 March-31 May), Summer (1 June-31 Augusd)l (1 September-30 November),
and Winter (1 December-29 February).

L eopoldshafen, Karlsruhe (112 m a.sl.)

Spring Summer Fall Winter
Nr (L) 25h 287 262 241 178
Median 453 361 375 323
Mean 798 442 427 390
75h 750 501 537 503
Nr1 (L) 25h 32 46 43 21
Median 45 65 68 31
Mean 59 95 92 41
75h 65 102 112 | 47
Ne2 (L) 25h 55 74 66 39
Median 88 103 110 68
Mean 175 131 1217 | 113
75h 142 153 165 133
Nrs (L) 25h 38 55 45 25
Median 54 78 76 42
Mean 68 96 89 62
750 81 115 113 76
N|:1|:3,c (L'l) 25h 19 33 28 11
Median 28 48 43 17
Mean 37 68 62 22
75h 41 76 76 27




L epoldshafen, Karlsruhe (112 m a.sl.)

Spring Summer Fall Winter
Nr1/Nr (%) 25h 55 12.8 13.0 | 6.7
Median 10.1 20.9 21.0 | 10.6
Mean 13.5 25.2 246 | 13.3
75h 17.7 334 329 | 15.7
Nr2/N7 (%) 25h 10.8 21.2 23.0 | 16.7
Median 20.7 34.1 33.8 | 32.0
Mean 32.3 35.2 34.3 | 30.0
750 40.6 46.5 44.4 | 40.6
Nrs/Nt (%) 25h 6.8 15.8 15.2 | 10.9
Median 13.1 25.1 225 | 18.0
Mean 15.7 27.0 23.8 | 17.2
750 21.6 35.2 304 | 22.8
Nr1ra/ Nt (%) 25h 3.1 9.1 8.2 3.6
Median 6.4 15.4 13.4 | 5.8
Mean 9.3 19.1 164 | 7.0
75h 12.4 25.3 22.2 | 8.9
Zugspitze, Germany (2650 m a.s.l.)
Spring Summer Fall Winter
Nr (L) 25h 21 32 16 7
Median 84 99 30 16
Mean 189 321 66 28
75h 183 269 65 36
N (L) 25h 1 4 1 1
Median 3 11 3 1
Mean 6 14 6 2
75h 8 19 7 3
Ng2 (L'l) 25h 3 8 3 2
Median 9 22 7 3
Mean 17 41 12 6
75h 20 53 15 7
Nes (L) 25h 2 6 2 1
Median 6 16 4 2
Mean 10 28 8 3
75h 13 37 10 4
Neirsc (LY) 25h 1 3 1 -
Median 2 8 2 -
Mean 3 10 4 -
75h 5 14 4 -
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Zugspitze, Germany (2650 m a.s.l.)

Spring Summer Fall Winter
Nr1/Nr (%) 25h 2.3 4.5 5.1 4.3
Median 4.1 9.2 9.8 8.4
Mean 8.5 11.7 119 | 13.1
75h 8.7 16.7 16.5 | 16.7
Nr2/N7 (%) 25h 7.4 13.7 145 | 14.3
Median 11.9 20.7 239 | 24.1
Mean 16.0 24.0 25.1 | 27.0
750 19.2 32.0 33.3 | 351
Nrs/Nt (%) 25h 4.5 9.2 8.2 7.1
Median 7.3 13.8 140 | 121
Mean 9.6 17.0 15,5 | 155
750 11.5 22.9 205 | 19.4
Nr1ra/ Nt (%) 25h 1.1 3.1 2.9 2.2
Median 2.3 6.7 5.9 4.4
Mean 4.6 8.7 7.7 7.3
75h 5 12.5 10.7 | 9.1
Jungfraujoch, Switzerland (3580 m a.s.l.)
Spring Summer Fall Winter
Nr (L) 25h 1 22 4 1
Median 2 48 8 2
Mean 6 98 21 4
75h 6 84 18 5
N (L) 25h 0.3 2 - -
Median 0.6 5 1 -
Mean 0.7 10 2 -
75h 0.9 10 2 -
Ng2 (L'l) 25h 0.3 4 1 -
Median 0.6 11 1 -
Mean 1.1 23 4 -
75h 1.4 23 3 -
Nes (L) 25h 0.3 2 - -
Median 0.6 7 1 -
Mean 0.8 13 3 -
75h 0.9 13 2 -
Newrsc (L) 25h - 1 - B
Median - 3 1 -
Mean - 6 2 -
75h - 7 1 -
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Jungfraujoch, Switzerland (3580 m a.s.l.)

Spring Summer Fall Winter
NF2/Nr (%) 25h 5.7 6.5 4.2 5.9
Median 10.0 11.4 8.3 10.0
Mean 16.3 13.0 11.0 | 141
75" 18.8 16.9 14.3 | 16.7
Nr2/Nr (%) 25h 14.3 14.3 10.0 | 11.8
Median | 26.4 25.9 18.2 | 20.0
Mean 42.3 29.2 21.0 | 30.2
75" 69.2 38.5 28.9 | 33.3
Nrs/Nt (%) 24h 7.7 7.7 6.3 7.0
Median | 14.0 14.7 115 | 125
Mean 24.3 17.1 13.9 | 18.9
75h 28.6 23.6 19.0 | 22.2
Nr1rs/Nt (%) 25h 4.2 3.7 2.9 5.0
Median | 7.6 7.3 5.9 7.7
Mean 13.7 8.3 7.7 11.8
75" 15.0 11.4 10.0 | 14.3
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Calibration curve for WIBS4. Green squaresthesexperimental values deduced
from calibration experiments (i.e., calibration @smils are Polystyrene Latex
particles and oleic acid droplets) that have besviged by the manufacturer.

Black solid line represents the derived calibratiarve that is used to estimate the

optical particle sizing.

Ambient aerosol number concentration measutedugspitze by WIBS and
Grimm OPC for comparison. Blue markers show the ®/iBtal aerosol number

concentrations, while black open circles reprefanGrimm OPC data.

Normalized averaged asymmetry factor (AF) valder some standard PSL
particles and foPenicillium notatum type of fungal spore. Green circles and the
dark green solid line: 1.0 um PSL particles puredasom Duke Scientific, black
triangles and the solid line: 1.9 um fluorescenit B&rticles purchased from Duke
Scientific, red pluses and the solid line: 2.0 uBLRparticles purchased from
Postnova Analytics, blue squares and the solid [pegicillium notatum type of

fungal spores purchased from a Swedish compangr@dh AB, Sweden).
Control panel of WIBS Data Evaluation Software.

Background fluorescence thresholthfeshoiy change during a one year online

sampling.

Effect of the change of background threshold mumber concentrations of
biological particles. Each color represents thaesponding bioaerosol number

concentration for that channel on different sangpperiods.

Fluorescence data deduced from WIBS measurefioenammonium sulfate
aerosol angenicillium notatum type of fungal spores. Top panel for each graph,
left axis: number concentration of fluorescent ighbes in the size range of 0.8-16

pum. Top panel, right axis: ratio of humber of flescent particles to the total
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aerosol number concentration (without missed pesjc Lower panels: size

distribution @N/dlogDo) of fluorescent particles.

WIBS fluorescence data for ammonium sulfateet sierosol mixture. The data

are plotted in the same way as in Fig. 3.1.

WIBS fluorescent particle number concentratidata obtained during an
experiment at IMK-AAF. Far left axis: WIBS total wots (including missed
particle count). Inner left axis: WIBS fluorescepdrticles represented with open
circles. Right axis: Ratio of fluorescent particles the WIBS total counts

(excluding missed particle count).

WIBS fluorescence data for Mongolian dust thas been investigated during
IN19 campaign in July 2012. Left panel: dashed liepresents thérie/Nr.
Lower panels show the integrated fluorescence data.panels (both on left and

right): show the number concentration of fluoresqearticles.

WIBS fluorescence data for Saharan dust inyat&td during BIO-05 campaign in
March 2010. The data are plotted in the same way Bg. 3.1.

WIBS fluorescence data for str&nsyringae sampled during BIO-05 campaign.

The data are plotted in the same way as in Fig. 3.1

WIBS fluorescence data for SnorflfAxaerosol sampled during INUIT-03
campaign in 2012.

Ice nucleation capabilities of different soilsts and desert dusts that have been
investigated at IMK-AAF. Black solid line: Desenists investigated by Niemand
et al. (2012). Green dashed line: Fitting curved thias observed from soil dust

experiments by Steinke et al. (2013).

Seasonal change of fluorescent biological atsoat three different locations.
Upper panel: Leopoldshafen, Germany (112 m a.séhtral panel: Zugspitze,
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Germany (2650 m a.s.l.); lower panel: Jungfraujoetearch station, Switzerland

(3580 m a.s.l.). (a) spring, (b) summer, (c) autudhwinter.

Seasonally averaged number ratidg/Nr (%)) for fluorescent particles at

Karlsruhe, Zugspitze and Jungfraujoch sites.

Overview of FBAP number concentrations at Katie site for one year period.
Small markers represent the 15 min data points Wai8S. Solid lines show 24 h

averaged FBAP number concentrations for the sartae da

Overview of FBAP number concentrations at Zitgepsite for 10 months
between 31/07/2011 and 16/05/2012. Small markegyeesent the 15 min data

points from WIBS. Solid lines show 24 h mean FBARner concentrations.

Time series of FBAP at three different locasioRor each panel, left: number of
fluorescent particles, right: ratio of fluoresceutrticles to the total aerosol count
(without missed particle count correction). Top @anJungfraujoch station,
sampling year: 2013. Centered panel: Zugspitzeostasampling year: 2011.
Lower panel: Karlsruhe site, sampling year: 2010.

Number size distributions (old principle) foasruhe site (logarithmic mid-size
bins; from 17 October 2010 to 5 November 2010) ddferent particle types
including fluorescent and non-fluorescent particl®slid line: median values.
Dark shading: inter-quartile range {2and 7% percentiles). Light shading: 10
and 90" percentiles. Note that percentiles or median \&lotersecting the x-axis

represent a zero concentration which cannot be shovogarithmic scale.

Number size distributions (new principle) foarksruhe site (logarithmic mid-size
bins; from 17 October 2012 to 5 November 2012) ddferent particle types
including fluorescent and non-fluorescent particléke data are plotted in the

same way as in Fig. 4.6.
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Number size distributions of Zugspitze (lodgamtc mid-size bins; for August
2011) for different particle types including flusoent and non-fluorescent
particles. The data are plotted in the same way &gy. 4.6.

Number size distributions of Karlsruhe (lodamic mid-size bins; for August
2010) for different particle types including fluscent and non-fluorescent
particles. The data are plotted in the same way &gy. 4.6.

Seasonally averaged diurnal fluorescent pamiomber distributions and number
concentrations at Karlsruhe site. Fluorescence dgieesent the channel F1 of
WIBS. Top panel, left axis (yellow markers): tengdere (T), right axis (purple
markers): relative humidity (RH). Central panelft laxis (green markers):
fluorescent aerosol number concentrationd)(lright axis (black markers): ratio
of fluorescent particles to the total aerosol numfB). Lower panel: size
distribution (dN/dlogDo) of fluorescent aerosol particles for indival
fluorescence channels. Transparent or light blarglas represent zero or very low

numbers. (a) spring, (b) summer, (c) autumn, (aitevi

Seasonally averaged diurnal fluorescent pamiomber distributions and number
concentrations at Karlsruhe site. Fluorescence dgieesent the channel F2 of

WIBS. The data are plotted in the same way asgn4iL0.

Seasonally averaged diurnal fluorescent pamiomber distributions and number
concentrations at Karlsruhe site. Fluorescence dgieesent the channel F3 of
WIBS. This channel is similar to the commercialjagable UV-APS instrument.
The data are plotted in the same way as in Fi@.4.1

Diurnal change of TAP number concentratiortsaatsruhe site (upper panels) and

integrated number size distributions (lower panfgs)ndividual seasons.

WIBS fluorescence data for a selected perindspring correlated with
meteorological data collected at the same time. Tdweer panels: different

combinations of fluorescence channels F1, F2 andeK, FlandF2 represents
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the particles that simultaneously fluoresce in dtannels F1 and F2). The upper
panels: from bottom to top, number concentrationFBAP (left) and ratio of
FBAP to all particles (right) measured by WIBS,atele humidity (%), global
solar radiation (Wm), wind speed (Mm%, and precipitation (mm). (a) spring, (b)

summer.

WIBS fluorescence data for selected periodsuimmn and winter correlated with
meteorological data collected simultaneously. Thta dvere plotted in the same
way as in Fig. 4.13. (c) autumn, (d) winter.

Correlation of the fluorescent aerosol numbencentration with the relative
humidity; mean NF1,F3 (red markers), median NF1(§&en markers), fitted
curve according to the mean values (solid blacks)n variability of NF1,F3
represented with plus-minus standard deviationsy(ghaded areas). Fit function:
f(x) = a.xb+c; (a) spring (R= 0.924), (b) summer &= 0.911), (c) autumn ==
0.541), (d) winter (R= 0.652).

Asymmetry factor distributions at Karlsruhéesior: (a) spring (b) summer (c)

autumn (d) winter

Asymmetry factor distributions at Zugspitzee dior: (a) spring (b) summer (c)

autumn (d) winter

Asymmetry factor distributions at Jungfraujsite for: (a) spring (b) summer (c)

autumn (d) winter

Average number size distribution of the FBAPTAP number concentration ratio
(dNr2/dN7) for individual seasons. Measurement site: Kahsru(a) spring, (b)

summer, (c) autumn, (d) winter

Average number size distribution of the FBAPTAP number concentration ratio
(dNF/dNT) for individual seasons. Measurement site: Zugspi{a) spring, (b)
summer, (c) autumn, (d) winter
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Dust load from Sahara desert over Spain andltluel cover for the same region.

Integrated coarse mode aerosol number contensanumber size distributions
and size segregated ratio of number concentratdWIBS and Grimm. Upper
panel: aerosol number concentrations measured SWblack markers) and
Grimm (red markers). Lower panel: left, aerosol bemsize distributions for
WIBS (black solid line) and for Grimm (red solichdi); right,Nwgs/Ncrimm (Mean,

blue dashed line; median, blue solid line).

Time series of fluorescent biological aerosalrtiples for SDEO1 and the
corresponding Dream8b model data.

Aerosol number size distribution of the totatasol particles during Saharan dust

events at JFJ.

An ensemble HYSPLIT backtrajectory from JFJiatato show the origin of the

transported air mass over the sampling site.

Time series of fluorescent biological aerosutiples for SDEO2.
Time series of fluorescent biological aerosutiples for SDEO3.
Time series of fluorescent biological aerosutiples for SDEO4.
Time series of fluorescent biological aerosutiples for SDEOS.

Enrichment of bio-particles in the ice phaserdy SDEO05. TSP: total suspended
particles, ISI: ice selective inlet. Panels lefludfescence data for channel F2;
Panels right: Fluorescence data for channel F3.
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