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Der Kreisel 
 
Ein Philosoph trieb sich immer dort herum, wo Kinder 
spielten. Und sah er einen Jungen, der einen Kreisel 
hatte, so lauerte er schon. Kaum war der Kreisel in 
Drehung, verfolgte ihn der Philosoph, um ihn zu fan-
gen. Dass die Kinder lärmten und ihn von ihrem Spiel-
zeug abzuhalten suchten, kümmerte ihn nicht, hatte er 
den Kreisel, solange er sich noch drehte, gefangen, war 
er glücklich, aber nur einen Augenblick, dann warf er 
ihn zu Boden und ging fort. Er glaubte nämlich, die Er-
kenntnis jeder Kleinigkeit, also zum Beispiel auch eines 
sich drehenden Kreisels, genüge zur Erkenntnis des All-
gemeinen. Darum beschäftigte er sich nicht mit den 
großen Problemen, das schien ihm unökonomisch. War 
die kleinste Kleinigkeit wirklich erkannt, dann war alles 
erkannt, deshalb  beschäftigte  er  sich  nur  mit  dem  
sich  drehenden  Kreisel.  Und  immer  wenn  die Vorbe-
reitungen  zum  Drehen  des  Kreisels  gemacht  wur-
den,  hatte  er  Hoffnung,  nun  werde  es gelingen, und 
drehte sich der Kreisel, wurde ihm im atemlosen Lau-
fen nach ihm die Hoffnung zur Gewissheit,  hielt  er  
aber  dann  das  dumme  Holzstück  in  der  Hand,  
wurde  ihm  übel  und  das Geschrei der Kinder, das er 
bisher nicht gehört hatte und das ihm jetzt plötzlich in 
die Ohren fuhr, jagte ihn fort, er taumelte wie ein Krei-
sel unter einer ungeschickten Peitsche. 
 

Franz Kafka
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Abstract 
 

Aerosol particles are important actors in the Earth’s atmosphere and climate system. They scatter 

and absorb sunlight, serve as nuclei for water droplets and ice crystals in clouds and precipitation, 

and are a subject of concern for public health. Atmospheric aerosols originate from both natural and 

anthropogenic sources, and emissions resulting from human activities have the potential to influ-

ence the hydrological cycle and climate. An assessment of the extent and impacts of this human 

force requires a sound understanding of the natural aerosol background. This dissertation addresses 

the composition, properties, and atmospheric cycling of biogenic aerosol particles, which represent 

a major fraction of the natural aerosol burden. The main focal points are: (i) Studies of the autofluo-

rescence of primary biological aerosol particles (PBAP) and its application in ambient measure-

ments, and (ii) X-ray microscopic and spectroscopic investigations of biogenic secondary organic 

aerosols (SOA) from the Amazonian rainforest. 

Autofluorescence of biological material has received increasing attention in atmospheric sci-

ence because it allows real-time monitoring of PBAP in ambient air, however it is associated with 

high uncertainty. This work aims at reducing the uncertainty through a comprehensive characteriza-

tion of the autofluorescence properties of relevant biological materials. Fluorescence spectroscopy 

and microscopy were applied to analyze the fluorescence signatures of pure biological fluoro-

phores, potential non-biological interferences, and various types of reference PBAP. Characteristic 

features and fingerprint patterns were found and provide support for the operation, interpretation, 

and further development of PBAP autofluorescence measurements. Online fluorescence detection 

and offline fluorescence microscopy were jointly applied in a comprehensive bioaerosol field 

measurement campaign that provided unprecedented insights into PBAP-linked biosphere-

atmosphere interactions in a North-American semi-arid forest environment. Rain showers were 

found to trigger massive bursts of PBAP, including high concentrations of biological ice nucleators 

that may promote further precipitation and can be regarded as part of a bioprecipitation feedback 

cycle in the climate system.  

In the pristine tropical rainforest air of the Amazon, most cloud and fog droplets form on bio-

genic SOA particles, but the composition, morphology, mixing state and origin of these particles is 

hardly known. X-ray microscopy and spectroscopy (STXM-NEXAFS) revealed distinctly different 

types of secondary organic matter (carboxyl- vs. hydroxy-rich) with internal structures that indicate 

a strong influence of phase segregation, cloud and fog processing on SOA formation, and aging. In 

addition, nanometer-sized potassium-rich particles emitted by microorganisms and vegetation were 

found to act as seeds for the condensation of SOA. Thus, the influence of forest biota on the atmos-

pheric abundance of cloud condensation nuclei appears to be more direct than previously assumed. 

Overall, the results of this dissertation suggest that biogenic aerosols, clouds and precipitation are 

indeed tightly coupled through a bioprecipitation cycle, and that advanced microscopic and spec-

troscopic techniques can provide detailed insights into these mechanisms. 
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Zusammenfassung 

 

Aerosolpartikel spielen eine wichtige Rolle in der Erdatmosphäre, mit starkem Einfluss auf das 

Klima. Sie streuen und absorbieren Strahlung, wirken als Keime für die Bildung von Wassertropfen 

und Eiskristallen in Wolken und Niederschlag und sind des Weiteren assoziiert mit einer Vielzahl 

von Gesundheitsaspekten. Aerosolpartikel stammen aus natürlichen und anthropogenen Quellen, 

wobei menschliche Emissionen einen starken Einfluss auf die atmosphärische Wasserzirkulation 

und das Klima ausüben können. Im Rahmen einer Abschätzung des Ausmaßes und der Relevanz 

dieses menschlichen Einflusses, ist eine genaue Kenntnis des natürlichen Hintergrundaerosols uner-

lässlich. Die vorliegende Dissertation adressiert die Zusammensetzung, Eigenschaften und atmo-

sphärische Zirkulation biogener Aerosolpartikel, als eine der Hauptkomponenten des genannten 

Hintergrundaerosols. Die Schwerpunkte dieser Arbeit sind: (i) Studien zur Autofluoreszenz primä-

rer biologischer Aerosolpartikel (PBAP) und ihre Anwendung im Rahmen von Feldmessungen 

sowie (ii) Röntgenmikroskopische und -spektroskopische Untersuchungen an sekundären organi-

schen Aerosolpartikeln (SOA) biogenen Ursprungs aus dem tropischen Regenwald im Amazonas-

gebiet. 

Die Autofluoreszenz biologischen Materials wird in der Atmosphärenwissenschaft mit gestei-

gertem Interesse diskutiert, da sie Echtzeitmessungen von PBAP in der Atmosphäre ermöglicht, 

auch wenn zurzeit noch mit großer Unsicherheit behaftet. Ziel dieser Arbeit ist es, mittels einer 

eingehenden Untersuchung der Autofluoreszenzeigenschaften relevanter biologischer Materialien, 

jene Unsicherheit zu mindern. Hierzu wurden Fluoreszenzspektroskopie und -mikroskopie genutzt, 

um die spektralen Signaturen reiner biologischer Fluorophore, potentieller nichtbiologischer Inter-

ferenzen und verschiedener Typen von Referenz-PBAP zu analysieren. Es wurden charakteristische 

„spektrale Fingerabdrücke“ gefunden, welche die Anwendung, Interpretation und Weiterentwick-

lung von PBAP-Messungen mittels Autofluoreszenz unterstützen können. Ferner wurden Echtzeit-

Fluoreszenzmessungen und Fluoreszenzmikroskopie zusammen in einer umfangreichen Bioaero-

sol-Feldmesskampagne eingesetzt und erlaubten neuartige Einblicke in PBAP-vermittelte Biosphä-

ren-Atmosphären-Austauschprozesse in einem nordamerikanischen, semiariden Waldökosystem. 

Es wurde festgestellt, dass Niederschläge einen massiven Anstieg der PBAP-Konzentration bedin-

gen, begleitet von erhöhten Konzentrationen biologischer Eiskeime, die ihrerseits weitere Nieder-

schläge initiieren können. Im Klimasystem kann dieser Mechanismus als Variante einer direkten 

Biosphären-Niederschlags-Rückkopplung angesehen werden.          

In der unbelasteten Atmosphäre des Amazonasregenwaldes wird die Mehrzahl der Regen- und 

Nebeltröpfchen auf biogenen SOA-Partikeln gebildet, deren Zusammensetzung, Morphologie, Mi-

schungszustand und Ursprung noch wenig gekannt sind. Röntgenmikroskopie und -spektroskopie 

(STXM-NEXAFS) haben das Vorkommen von zwei unterschiedlichen SOA-Typen (carboxyl- vs. 

hydroxyreich) erwiesen und weiterhin partikelinterne Strukturen offenbart, die auf atmosphärische 

Alterung, Wolkenprozessierung und Phasenentmischungseffekte schließen lassen. Weiterhin wurde 

das Vorkommen nanometergroßer, von Mikroorganismen und Vegetation emittierter, kaliumreicher 
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Partikel gefunden, die als Keime für die Kondensation von SOA-Partikeln fungieren. Dies zeigt, 

dass der Einfluss des Waldökosystems auf das Vorkommen atmosphärischer Wolkentropfen unmit-

telbarer ist, als zunächst angenommen. Abschließend zeigen die Ergebnisse dieser Dissertation, 

dass biogene Aerosole mit Wolkenbildung und Niederschlag in einer engen Biosphären-

Niederschlags-Rückkopplung verknüpft sind und dass moderne mikroskopische und spektroskopi-

sche Techniken hier detaillierte Einblicke erlauben. 
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Chapter 1 

 

Introduction and motivation 

1.1 Aerosols in the Earth system 

Global Change has become a topic of great importance in scientific, social, economic, and political 

debates. The term Global Change summarizes our awareness that human civilization is profoundly 

and enduringly perturbing the biogeochemical cycling and the ecological networks of the Earth. To 

emphasize that this “anthropogenic force” is of a geohistorical dimension and that the vividly dis-

cussed Climate Change is only the “tip of the iceberg”, Paul Crutzen has coined the term Anthro-

pocene, defined as the geological epoch humankind has recently entered (Steffen et al., 2011). The 

changing Earth system is being investigated by a variety of scientific disciplines that address the 

interactions among the atmosphere, biosphere, hydrosphere, lithosphere, cryosphere, and human 

activities. The present study belongs to this wide field of Earth system science and is located at the 

interface between the atmosphere and biosphere. It focusses on the role and impacts of biogenic 

aerosol particles in atmospheric and biological cycling.         

Atmospheric aerosols originate from natural and anthropogenic sources and comprise a diverse 

mixture of different particle classes, such as mineral and soil dust, sea spray, soot and other com-

bustion residues, volcanic ash, organic and biological aerosols, as well as ammonium, nitrate and 

sulfate salts (Pöschl, 2005). Primary particles are directly emitted into the atmosphere from bio-

mass burning and industrial combustion, desert dust storms, marine and biological activity, and 

other sources (e.g., Goudie and Middleton, 2001; O'Dowd et al., 2004). Secondary particles are 

formed in the atmosphere in the course of the oxidation and subsequent nucleation of sulfur and 

nitrogen gases as well as volatile organic compounds (VOC) (Junge, 1960; Hallquist et al., 2009). 

The diverse mixture of airborne particles encounters atmospheric aging and processing which can 

substantially alter their chemical and physical appearance (e.g., Robinson et al., 2007; Zhang et al., 

2008). Aerosol properties and effects span a wide range on spatial, temporal, and chemical scales 

and therefore challenge the analytical capabilities of Earth system sciences. 

Aerosols are important actors in the climate system, atmospheric chemistry, public health as 

well as in biological and ecological networks. They influence the Earth’s radiative budget via the 

absorption and scattering of solar and terrestrial radiation (direct effect) (Satheesh and Moorthy, 

2005) and via their role as nuclei for the formation of cloud water droplets and ice crystals (indirect 

effect) (Andreae and Rosenfeld, 2008; Hoose and Möhler, 2012). Both, the direct and indirect ef-

fects, constitute the largest uncertainty in our current understanding of climate change (Solomon et 

al., 2007). Moreover, aerosol particles can act as substrates for heterogeneous chemical reactions 

and therefore alter the concentration of certain trace gases in the air (e.g., Ammann et al., 1998). 

Regarding human health, aerosols are commonly recognized as causative agents of infectious dis-

ease, asthma, and allergies (Peccia et al., 2011). They also spread diseases to and between animals 

and plants, which has emerged as an important issue in modern agriculture and ecosystem stability 
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(e.g., Combes, 1996; Herfst et al., 2012). Aerosols can spread microorganisms intercontinentally 

with profound ecological and evolutionary implications (e.g., Kellogg and Griffin, 2006; 

Gorbushina and Broughton, 2009).  

In the pre-human epoch cloud-mediated atmospheric cycling was driven by natural aerosols 

from diverse sources as illustrated in Figure 1 (Andreae and Crutzen, 1997). Currently, the natural 

aerosol burden is strongly “contaminated” by anthropogenic emissions and there is hardly a place 

on Earth without this human signature (Andreae, 2007). An assessment of the anthropogenic per-

turbation of atmospheric processes and the climate system in terms of aerosol effects requires a 

profound understanding of the “natural atmospheric scenery”. Biogenic particulate matter consti-

tutes a substantial fraction of the background aerosol content and can be subdivided into a supermi-

crometer fraction, which mainly comprises primary biological aerosol particles, and a submi-

crometer fraction, which mainly consists of biogenic secondary organic aerosol particles.  

 

 

Figure 1. Sources of natural atmospheric aerosols. Biogenic aerosols constitute a major fraction 

and occur as secondary organic aerosols and primary biological particles. Figure from Andreae 

(2007).  

 

1.2 Primary biological aerosol particles  

Primary biological aerosol particles (PBAP), also referred to as bioaerosols, are a diverse mixture 

of biological material, which is directly released from the biosphere into the atmosphere. It com-

prises whole organisms (e.g., bacteria, algae), reproductive units (e.g., fungal spores, pollen), as 

well as fragments and excretions from plants and animals (e.g., plant debris, biopolymers, and ex-

crements) (Després et al., 2012). PBAP can be living or dead material. They span a wide size range 

from few nanometers (e.g., viruses) up to hundreds of micrometers (e.g., plant fragments) with av-

erage atmospheric residence times between minutes and weeks (Burrows et al., 2009a; 2009b). 

There is increasing awareness that PBAP are important players in atmospheric processes, and the 

field of related research is growing (e.g., Georgakopoulos et al., 2009; Pearce et al., 2009; Xu et al., 

2011; Després et al., 2012). The following paragraphs briefly emphasize the role of PBAP as ice 
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nuclei (IN) in cloud formation and as particulate outdoor pollutants and aeroallergens in public 

health.  

The crystallization of ice is an important process in cloud formation and hydrological cycling, 

and most precipitation worldwide originates from ice containing clouds (DeMott et al., 2010). In 

the atmosphere, heterogeneous freezing at temperatures warmer than about -38 °C is initiated by a 

small number of atmospheric IN, which play a key role in this process (e.g. Rogers et al., 2001). 

Compared to other aerosol types, PBAP (i.e., bacteria, fungal spores, and pollen) are known as the 

most efficient IN with freezing onset temperatures between -2 °C and -10 °C (Hoose and Möhler, 

2012). Thus, PBAP are discussed as being crucial actors in cloud glaciation and precipitation initia-

tion (e.g., Morris et al., 2004). The term bio-precipitation has been coined for such direct atmos-

phere-biosphere feedback processes (Sands et al., 1982). The current opinion is that on a global 

scale the comparatively low abundance of biological aerosols prevents them from being important 

IN (Hoose et al., 2010). In fact, mineral dust and soot account for the majority of IN. However, 

PBAP may dominate ice nucleation on local and regional scales, particularly in remote vegetated or 

marine regions where competing non-biological IN are lacking (e.g., Christner et al., 2008; Prenni 

et al., 2009; Burrows et al., 2012). 

Gaseous and particulate outdoor pollutants can cause adverse respiratory effects, such as dis-

eases, inflammatory reactions, and allergies, which is an issue of major public concern (Bartra et 

al., 2007). PBAP, such as pollen and fungal spores, constitute main aeroallergens making them 

important for atmosphere-related epidemiologic research (Traidl-Hoffmann et al., 2003; Bernstein 

et al., 2004; Yamamoto et al., 2012). The complex allergic mechanisms are poorly understood, and 

no effective therapies or treatments are available yet for susceptible individuals. Instead, pollen 

calendars and forecasts help preventively to avoid exposure. The most severe biological aeroaller-

gens are pollen from grasses, ragweed, and Parietaria, which alone can cause strong allergenic 

responses to sensitive persons (D'Amato, 2000). However, there is evidence that the natural aller-

genicity is potentiated by the interaction of allergens and combustion-related air pollutants (i.e., 

ozone and nitrogen oxides) (e.g., Franze et al., 2005; Shiraiwa et al., 2011).  

In spite of the growing attention that PBAP have obtained during recent years, they are usually 

not included in global atmospheric chemistry and climate models (Burrows et al., 2013). This can 

be attributed to a lack of standardized and quantitative PBAP measurements as well as to the com-

plexity of the atmospheric PBAP burden. Bioaerosols have been investigated since the 19
th

 century 

(e.g., Pasteur, 1861), however the traditional analytical methods (e.g., cultivation, light microsco-

py) still in use, suffer from substantial drawbacks (Burrows et al., 2009b). In particular, they rarely 

provide quantitative and real-time information, which is necessary for understanding global PBAP 

fluxes. Recently, the development and improvement of analytical techniques from various fields 

has revolutionized the investigation of biological aerosols. These modern approaches comprise off-

line techniques, such as molecular, genetic, and sophisticated microscopy analyses (e.g., Axelrod, 

2001; Després et al., 2007; Bauer et al., 2008), and quantitative online techniques which rely on 

optical or mass spectrometric principles (e.g., Fergenson et al., 2004; Pan et al., 2010). These 

methods have helped to increase our knowledge about biological aerosols tremendously.  
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A very promising approach to measure PBAP concentrations, emission patterns, and temporal 

variability in real-time relies on the autofluorescence of biological material (Figure 2). Autofluo-

rescence, also called intrinsic fluorescence, is a photoluminescence process which originates from a 

certain set of fluorescent biological molecules, called fluorophores allowing the discrimination be-

tween biological and non-biological aerosol particles (Hill et al., 2009; Andrade-Eiroa et al., 2013). 

Bioaerosol detectors that are based on laser/light induced fluorescence (LIF) were mainly devel-

oped by military research facilities in the context of bio-warfare agent detection (e.g., Jeys et al., 

2007). For several years, LIF instruments have received increasing attention in atmospheric science 

and have produced important insights into PBAP cycling (e.g., Huffman et al., 2010; 2012). The 

main advantages of LIF instruments are their quick, non-invasive and quantitative detection pro-

cess, their operational stability for long-term field measurements, and their comparatively cheap 

maintenance. However, their application is still associated with uncertainty which is one subject of 

this thesis.  
 

 

Figure 2. Light microscopy images of ambient aerosol particles in (A) bright field and (B) fluores-

cence mode. The images illustrate a strongly fluorescent PBAP fraction on top of a non-fluorescent 

non-biological background.  

 

1.3 Biogenic secondary organic aerosols 

The oxidation of volatile organic compounds (VOC) with the subsequent gas-to-particle partition-

ing of low- and semi-volatile oxidation products accounts for a major fraction of secondary particu-

late matter in the atmosphere, commonly referred to as secondary organic aerosol (SOA) (Hallquist 

et al., 2009). Atmospheric VOC consists of myriads of different compounds from biogenic and 

anthropogenic sources (Kesselmeier et al., 2000; Goldstein and Galbally, 2007). The oxidative deg-

radation of the highly diverse VOC burden generates a similarly complex aerosol phase which en-

counters continuous chemical transformation in the atmosphere (Jimenez et al., 2009). Thus, SOA 

is regarded as a “metastable and dynamic component” in atmospheric cycling (Andreae, 2009; 

Kroll et al., 2011). Due to their large number concentrations and their diameters, which span the 

atmospherically relevant size ranges of Mie scattering and CCN activity, SOA particles are key 

players in the direct and indirect effects of the Earth’s climate system (Kanakidou et al., 2005). 

However, sources, transformation, and atmospheric effects of SOA are still poorly understood.  
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Due to its high biological activity and intense atmospheric photochemistry, the tropical rainfor-

est in the Amazon Basin represents an interesting ecosystem for which to analyze the formation and 

properties of biogenic SOA particles. During the rainy season, the Amazon is one of the few vege-

tated continental places on Earth which approximate natural and pre-industrial atmospheric condi-

tions. Several studies have shown that during this time of the year, biogenic SOA in the fine mode 

and PBAP in the coarse mode dominate the aerosol burden (Chen et al., 2009; Pöschl et al., 2010; 

Huffman et al., 2012). Clean conditions prevail during the rainy season, but are episodically inter-

rupted by long range transport of African desert dust and biomass burning emissions, marine aero-

sols, and intracontinental anthropogenic influences (Martin et al., 2010). Under clean conditions, 

the Amazonian atmosphere can be characterized as a biogeochemical reactor, due to the fact that 

biogenic aerosols account for the majority of CCN and IN and therefore directly influence the for-

mation of clouds and precipitation (Figure 3) (Pöschl et al., 2010).          

 

Figure 3. Bioprecipitation cycle in the pristine Amazonian atmosphere. SOA particles from the 

photooxidation of biogenic VOC and PBA particles account for the majority of CCN and IN, and 

thus directly influence cloud development and precipitation formation. Figure from Pöschl et al. 

(2010). 
 

A wide variety of instrumentation has been utilized for the analysis of SOA (Jacobson et al., 

2000; Hoffmann et al., 2011). Online techniques, such as mass spectrometry and chromatography, 

have become important tools in laboratory and field applications and provide valuable information 

about SOA composition, properties, and atmospheric abundance (e.g., Kalberer et al., 2004; Ng et 

al., 2010). Recently, single particle analysis of organic aerosols based on microspectroscopic tech-

niques contributed important insights into SOA microstructure, mixing state, and reactivity (e.g., 

McIntire et al., 2010; Baustian et al., 2012). Particularly, STXM-NEXAFS provides high morpho-

logical and chemical sensitivity and is therefore an appropriate technique for organic aerosol analy-

sis. It has been applied to SOA in a growing number of studies (e.g., Maria et al., 2004; Moffet et 

al., 2010a; 2010b; Takahama et al., 2010) and represents the second focal point of this dissertation. 
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1.4 Knowledge gaps and research objectives 

This thesis presents two focal points in the field of biogenic aerosol research: (i) Studies on the au-

tofluorescence of primary biological aerosol particles (PBAP) and its application in ambient meas-

urements, and (ii) X-ray microscopic and spectroscopic investigations of biogenic secondary organ-

ic aerosols (SOA) from the Amazonian rainforest. The projects are presented independently in sep-

arate sections.  

 

1.4.1 Autofluorescence of primary biological aerosol particles 

Autofluorescence based techniques are regarded as a promising approach for addressing manifold 

yet unknown aspects in bioaerosol cycling, however, their application is still associated with uncer-

tainty. From a methodological perspective, a sound understanding of the selectivity that autofluo-

rescence can provide in the analysis of PBAP is yet missing, however, this is required for any ap-

plication. From the perspective of PBAP analysis, further ambient measurements with LIF instru-

ments are desired to extend our knowledge on ambient bioaerosol cycling in different ecosystems 

and under variable environmental conditions. This work addresses the following specific 

knowledge gaps: 
 

 PBAP fluorescence originates from a mixture of many biological fluorophores, which differ in 

their identity, abundance, spectral properties, and light accessibility. For instance, the fluores-

cence signature of bacteria is dominated by proteins and coenzymes (e.g., Hill et al., 1999; Hill 

et al., 2009). In contrast, the constitutive fluorophores in fungal spores, pollen and other PBAP 

types are as of yet not clearly identified (Hill et al., 2009). For a reliable application of fluores-

cence techniques to the complex and highly variable atmospheric bioaerosol content, a systemat-

ic survey of all PBAP-relevant fluorophores, including their identity, spectral properties, and rel-

ative abundances, is required. 

 LIF techniques detect fluorescent biological aerosol particles (FBAP) which is a subset of 

PBAP. The precise relationship between FBAP and PBAP is still unknown and comprises uncer-

tainties, such as the occurrence of positive artifacts (fluorescent non-biological particles) and 

negative artifacts (non-fluorescent biological particles). According to Pan et al. (2007), there is 

“general agreement” that LIF can discriminate between biological and non-biological particles, 

in most cases. However, there is also evidence that LIF detection overlooks a certain yet unspec-

ified fraction of weakly fluorescent bioparticles and that FBAP is therefore a lower limit of 

PBAP (Brosseau et al., 2000; Huffman et al., 2010). Furthermore, the counted FBAP concentra-

tion is surely dependent on specific instrument parameters and the sampled aerosol types (e.g., 

Healy et al., 2013). Thus, the relationship between FBAP and PBAP is yet to be quantified with 

regard to different spectral settings. Particularly, the inherent fluorescence properties of major 

bioaerosol types (e.g. bacteria vs. fungal spores vs. pollen) and their response to different optical 

configurations require a systematic analysis.   

 The first and simplest level of selectivity that LIF instruments can provide is the discrimination 

between biological and non-biological particles, which allows FBAP quantification in ambient 

air, albeit without further information about FBAP identity. On a second level of selectivity, 

several studies have shown that more elaborate LIF instruments can classify standard and ambi-
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ent bioaerosols into meta-classes with distinct fluorescence signatures (e.g., Pan et al., 2009). On 

a third level of selectivity, autofluorescence-based identification of individual PBA particles 

(e.g., allergenic pollen species) is desired, however not yet realized. A few studies report that a 

certain degree of identification is accessible under special circumstances (e.g., Mitsumoto et al., 

2010), but in most cases species-specific identification appears to be beyond the scope of LIF-

based bioaerosol analysis (Hill et al., 1999; Pan et al., 2007; Courvoisier et al., 2008). Ultimate-

ly, what the limits of discrimination and identification for LIF techniques in ambient applications 

are remains an open question.  

 The number of studies that report medium- to long-term FBAP measurements in ambient air is 

still comparably small, although growing (e.g., Huffman et al., 2012 and references therein). 

Therefore, further field experiments, ideally in yet unexplored ecosystems, are highly desired 

and will add to our understanding of ambient PBAP cycling. Particularly, field measurements 

with comprehensive sets of instrumentation for bioaerosol analysis are promising because they 

allow the exploration and quantification of the responsiveness of LIF instruments to PBAP in 

synergistic comparison with other techniques.  

 

1.4.2 Microspectroscopic studies of Amazonian organic aerosols 

The Amazonian rainforest is a predestinated region for studying the interaction between the bio-

sphere and atmosphere under pristine conditions. A number of studies have addressed the atmos-

pheric processes in the Amazon (e.g., Chen et al., 2009; Prenni et al., 2009; Pöschl et al., 2010). 

However, many uncertainties remain and the following specific knowledge gaps are addressed in 

this work: 
 

 About 70 - 90 % of the fine mass fraction in the Amazon is usually dominated by SOA particles 

that are formed in the rainforest ecosystem (Fuzzi et al., 2007; Pöschl et al., 2010). The chemical 

composition of the biogenic SOA is not yet clearly characterized, however. Knowledge about 

the chemical constituents in the SOA particles would help to identify the major VOC sources 

and to better understand the atmospheric fate of SOA in terms of aging and processing.  

 The morphology and mixing state of Amazonian aerosol particles in fine and coarse mode is 

largely unknown. During pristine periods when biogenic sources prevail and particularly when 

out-of-Basin influences mix with the biogenic in-Basin aerosol burden, knowledge about mixing 

(internal vs. external) and agglomeration of individual particles is of interest for estimating the 

influence of atmospheric and hydrological cycling. Moreover, morphology (i.e., liquid vs. semi-

solid vs. solid) and liquid-liquid phase separation processes in SOA particles have received in-

creasing attention (e.g., Virtanen et al., 2010; Bertram et al., 2011; Song et al., 2012). Such ef-

fects potentially have strong influence on the physical and chemical properties of SOA particles, 

but have not yet been analyzed for Amazon SOA aerosols.  

 New particle formation is the main origin of SOA particles in many vegetated regions worldwide 

(Kulmala et al., 2004). In contrast, new particle formation is not observed in the Amazonian 

rainforest and therefore, the origin of biogenic SOA particles in the Amazon has remained enig-

matic.
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Chapter 2 

 

Results and conclusions 

2.1 Autofluorescence of primary biological aerosol particles 

2.1.1 Biological fluorophores and potential interferences 

As a first approach, the complex field of bioaerosol autofluorescence was investigated on the level 

of pure fluorophores and a systematic survey of biological fluorescent compounds was conducted. 

This bottom-up study aims to clarify the molecular basis of PBAP autofluorescence in order to 

identify the most relevant biofluorophore classes. The aim of this study is to collect data and 

knowledge from offline fluorescence measurements, which can help in understanding the levels of 

selectivity of online LIF techniques in ambient applications. The study consists of two parts: (i) a 

systematic synthesis of literature knowledge on biological fluorophores and (ii) a section with 

complementary fluorescence spectroscopy measurements. 

The literature synthesis section summarizes knowledge about the identity and properties of rel-

evant biological fluorophores, which can be divided into six main categories: (i) amino acids and 

proteins, (ii) cofactors, coenzymes and vitamins, (iii) structural biopolymers and cell wall com-

pounds, (iv) pigments, (v) secondary metabolites, and (vi) others. Their relative importance for bio-

aerosol detection is estimated based on their spectral properties and abundance in PBAP. This re-

view section is designed to serve as a “go-to reference” for researchers in bioaerosol autofluores-

cence and related fields. It suggests that a substantial number of different fluorescent compounds 

shape the fluorescence signals in bioaerosols. Moreover, certain PBAP types, such as bacteria, fun-

gal spores, and pollen are associated with specific sets of fluorophores. Thus, this study emphasizes 

that focusing on protein and coenzyme fluorescence, which mostly is what is done in current litera-

ture, is too simplistic to explain the fluorescence properties of the entire atmospheric PBAP burden.    

The experimental section provides results from complementary fluorescence spectroscopy 

measurements on selected biological fluorophores. Excitation emission matrices (EEMs) are uti-

lized as a valuable tool to visualize the fingerprint-like autofluorescence properties of a variety of 

individual compounds. The EEMs show pronounced and overlapping signals from different fluoro-

phores at the excitation wavelengths of ~ 280 nm and ~ 360 nm, which confirms the suitability of 

light sources commonly used for online FBAP detection. However, it also highlights the difficulty 

in making molecular determination of the fluorescence origin. In direct comparison to the fluores-

cence signatures from biofluorophores, EEMs of potentially interfering non-biological compounds 

were recorded, which generally exhibit only low levels of fluorescent emission. Ultimately, this 

study strengthens the hypothesis that autofluorescence can reliably be utilized for the discrimina-

tion of biological and non-biological aerosols in ambient air. However, it also shows that the identi-

ty of the biofluorophores in PBAP is difficult to determine and that detected fluorescence usually 

represents mixed emissions from different compounds.  
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For details, see: Pöhlker, et al., Atmos. Meas. Tech. (2012a): Autofluorescence of atmospheric 

bioaerosols – fluorescent biomolecules and potential interferences.   

 

2.1.2 Biological standard particles and aspects of selectivity 

This study follows up on Pöhlker et al. (2012a) and extends the analytical scope from pure fluoro-

phores to whole biological particles. Pollen were chosen as illustrative bioaerosol type and system-

atically analyzed with fluorescence microscopy and spectroscopy. Our aim is (i) to give a general 

and comprehensive picture of the autofluorescence properties of native pollen, and (ii) to explore 

the limits of selectivity that autofluorescence can provide in PBAP detection.  

Our study shows that pollen exhibit a characteristic and reproducible autofluorescence signa-

ture. Moreover, it indicates that the pollen cell wall efficiently prevents light from penetrating into 

the cytosol and that therefore the cell wall pigments dominate the fluorescence of entire pollen 

grains. Differences in light accessibility of the fluorophores can substantially shape the fluorescent 

appearance of biological aerosols, however, this aspect has so far not been adequately discussed in 

current literature. The main fluorescence signals are assigned to cell wall associated phenolic and 

carotenoid compounds as well as smaller contributions from proteins and chlorophyll pigments.  

Across all pollen species analyzed we found a characteristic spectral signature due to specific 

fluorophores in the complex and thick pollen cell wall. The predominance of cell wall fluorophores 

in pollen is a distinctive feature and results in pollen fluorescence differing from other PBAP types. 

Moreover, the mixture of cell wall associated fluorophores shows species specificity and, therefore, 

fluorescence reflects a certain degree of taxonomic selectivity at the family level. These observa-

tions suggest that, in principle, autofluorescence is selective enough to discriminate pollen from 

other PBAP types. Moreover, the taxonomic trends in cell wall associated fluorescence indicate 

that a further level of selectivity - namely the discrimination of certain pollen families - is, in prin-

ciple, practicable. This underlines the fact that autofluorescence-based techniques are promising 

candidates for automated and specific pollen monitoring in ambient air. Moreover, we suggest that 

the fluorescence signatures reported in this study can serve as “roadmaps” for the development of 

LIF instrumentation designed for pollen aeroallergen monitoring. A companion study builds on 

these findings and addresses the influence of environmental factors, such as humidity, on the pollen 

morphology and autofluorescence signature (Pöhlker et al., 2013a).  

For details, see: Pöhlker, et al., to be submitted (2013): Autofluorescence of atmospheric bio-

aerosols – the spectral fingerprint and taxonomic trends of native pollen.  

 

2.1.3 Ambient measurements and bioprecipitation  

In addition to the offline laboratory experiments on PBAP autofluorescence, this study addresses 

the online application for ambient measurements. Here, we present results from a comprehensive 

bioaerosol campaign in a semiarid forest ecosystem in Northern America. Among a variety of other 

techniques for bioaerosol analysis, the autofluorescence-based bioaerosol detector, ultraviolet aero-

dynamic particle sizer (UV-APS), was operated continuously to monitor the concentration of FBAP 
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with high time and size resolution. The combination of online and offline instruments provided 

insights into the bioaerosol identity, cycling, and atmospheric effects.  

We observed a low bioaerosol background during dry conditions, which was repeatedly inter-

rupted by dramatic increases in PBAP concentrations during and after rain showers. This contrasts 

with the traditional view that aerosol concentrations decrease during rain due to efficient wet depo-

sition, and indicates the presence of strong rain-triggered PBAP sources, which so far remain uni-

dentified. Starting at the onset of rain, elevated PBAP concentrations prevail through extended 

post-precipitation periods with high surface wetness. Moreover, the rain-triggered bursts in PBAP 

abundance strongly correlate with similarly strong increases of atmospheric IN concentrations. 

There are strong indications that the majority of the observed IN is biological, which is consistent 

with the identification of efficient ice nucleating bacteria and fungal spores in the rain-triggered 

PBAP populations.  

Our findings provide unprecedented insights into atmosphere-biosphere interactions with regard 

to bioaerosol cycling. The observation of the rain-trigged emission of large numbers of PBAP, in-

cluding an IN-active fraction that potentially impacts the next generation of clouds, can be regarded 

as a bioprecipitation cycle. Moreover, the strong impact of rain on biota in a rain-limited ecosystem 

raise a number of evolutionary and ecological questions, which await being addressed in further 

studies. A further aspect of this study relates to the frequently observed increase of respiratory dis-

eases after strong thunderstorms. Increased PBAP concentrations after rain may be part of the ex-

planation, however, follow-up studies are needed.  

 For details, see: Huffman, et al., Atmos. Chem. Phys. Discuss. (2013): High concentrations of 

biological aerosol particles and ice nuclei during and after rain. 

 

2.2 Microspectroscopic studies of Amazonian organic aerosols 

This study presents the first application of X-ray microscopy and absorption spectroscopy (STXM-

NEXAFS) to the analysis of organic aerosols from the pristine Amazonian atmosphere. Our study 

reveals the predominance of biogenic aerosols in the fine and coarse mode from the rainforest eco-

system and the absence of external influences, such as mineral dust and anthropogenic aerosols, 

during the sampling period. We found distinctly different types of secondary organic matter (car-

boxylic-acid- vs. hydroxy-rich), and internal structures that indicate a strong influence of cloud and 

fog processing on organic particle formation and aging.  

An unexpected discovery was the observation of potassium in almost all organic aerosol parti-

cles. Moreover, the potassium mass fraction shows a clear size dependence, which indicates that 

primary and nanometer-sized potassium-rich salt particles are seeding the formation of SOA, with 

decreasing potassium content upon particle growth. In pristine rainforest air, we conclude that the 

observed potassium-rich particles are biogenic and suggest microorganisms and vegetation as plau-

sible sources. Our findings provide an answer to the old riddle of why new particle formation is not 

observed in pristine Amazonian rainforest air, although the submicron aerosol particles consist 

mostly of secondary organic material formed by oxidation of gaseous precursors in the atmosphere. 

 This study extends our knowledge of the biosphere-atmosphere interaction in the Amazon and 

shows that rainforest biota have a much more direct influence on the hydrological cycle and climate 
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than previously thought. In addition to the SOA seeding by potassium salts, a number of other as-

pects, such as the composition and atmospheric aging of Amazonian SOA, are reported in this 

work, albeit without in-depth analysis. These aspects are the subject of a systematic follow up study 

(Pöhlker et al., 2013b). Moreover, the identification of the biological potassium source is the sub-

ject of ongoing work.   

For details, see: Pöhlker, et al., Science (2012b): Biogenic potassium salt particles as seeds for 

secondary organic aerosol in the Amazon.   
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Autofluorescence of atmospheric bioaerosols –
fluorescent biomolecules and potential interferences
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1.2 Physical principles of fluorescence
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Intrinsic fluorescence has been extensively utilized in various
fields such as tissue diagnostic (e.g. Koenig and Schneck-
       
          
      
         

1.3 History of online detection of fluorescent aerosols

While the use of fluorescence techniques to image biolog-
        
application of fluorescence to biological aerosol measure-
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the steady-state autofluorescence properties of a compound
and can be regarded as a unique, sample-specific fingerprint.
       
tools in various scientific fields, such as environmental
         
        
        
     
         
        
modes to known fluorophores, thus providing insights into
the molecular origin of fluorescence. This kind of analysis in
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responsible for fluorescence within atmospheric biological
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of fluorescence spectra and, in particular, quantification
of fluorescence. Three types of light scattering are typi-
cally important for laboratory fluorescence measurements.
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1.5 Motivation of fluorophore literature synthesis

         
       
ambient PBAP analysis to utilize autofluorescence for the

       
        
trinsic fluorophores. Both biological and non-biological ma-
terial can exhibit intrinsic fluorescence, however, and so the
challenge of discriminating between the two requires a firm
knowledge of the corresponding fluorophores. Amino acids
     
and several coenzymes (e.g. NAD(P)H, flavins, and vitamin
        
nities as the most important fluorophores in biological cells
           
          
         
zymes such as NADH and flavins have only been shown to
       
be specific markers for living cells. Living bacteria actively
        
        
         
        
may not contain significant concentrations of NADH, though
this is not well agreed upon within the scientific community
          
        
        
        

genic fluorophores that are most likely responsible for aut-
ofluorescence within FBAP. Understanding of the molecular
origin of bioaerosol autofluorescence is critical to the devel-
       
      
occurring fluorophores will aid the estimation of the selectiv-
         
tial studies provide fluorescence spectroscopic data for dif-
ferent classes of PBAP, pure fluorophores and interferences
        
            
          
       
give a broad overview of intrinsic fluorophores most likely
        
information regarding intrinsic fluorescence of classes of bi-
      
          
      
mospheric aerosol research for the first time. Fluorophores
are characterized by their steady state fluorescence proper-
ties and discussed in relation to a collection of current fluo-
       
ative importance of these fluorophores to atmospheric mea-
surement, using fluorescence characteristics and atmospheric
abundance as primary metrics. We also provide fluorescent
EEM maps measured with a bench-top spectrofluorometer
         
phase biological fluorophores and for selected non-biological
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ing species for FBAP detection and quantification in certain
       
crucial in the future investigation of the fluorescent proper-
        
  

  

Many fields of science have utilized intrinsic fluorescence for
       
as an overview of existing knowledge about biological flu-
      
       
the perspective of disparate scientific fields such as biology
       
      
      
         
          
       
           
        
lection of fluorophores specifically relevant to atmospheric
         
         
major fluorophore groups is given in the corresponding text
         
        
       
         
not exhaustive, characterization of the fluorescence proper-
ties of key fluorophores and classes. Moreover, as a first
       
fluorophores for FBAP detection is estimated based on its
fluorescence properties (category 1) and atmospheric abun-
        
evant if they show both intense fluorescence emission and
          
        
          
       
fluorescent and show rare occurrence. While the terms listed
        
      

     

        
         
        
         
fluorescent emission when excited in the UV range of the

        
         
       
of sufficient concentration to cause the omnipresent intrin-
sic fluorescence of proteins (Klapper, 1977; Creed, 1984a,b).
However, it is known that tryptophan is the dominant flu-
        
        
pending on microenvironment) and efficient (non-radiative)
       
        
Tyr fluorescence). Tyrosine is the major source of fluores-
       
          
     0.02) and efficient RET. Con-
sequently, in most cases emission of fluorescence from pro-
teins is dominated by tryptophan, though specific properties
        
      
       
        
     

      

This group summarizes fluorophores that can be assigned to
         
frequently exhibit fluorescence due to heterocyclic aromatic
        
fluorescent coenzymes are the pyridines, pteridines, pyridox-
ines and structurally related flavins, among which NAD(P)H
and flavins are most frequently studied (Dalterio et al., 1987;
     
     

     
phosphate (NADPH), are well known fluorescent coenzymes
which are often utilized as intrinsic fluorescent probes in var-
ious scientific fields (Bigio and Mourant, 1997; Huang et al.,
        
       
        
        
      
          
, only the reduced form NAD(P)H is fluorescent
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at once. It has been shown that the fluorescence contri-
         
ences in cellular concentration and fluorescence characteris-
tics. Furthermore the NADH signal is highly influenced by
        
        
        
activation and stacking of the fluorescent nicotinamide ring
         
         
fourfold increase in fluorescence intensity as compared to
        
         
        
          
        
         
       
    
Riboflavin (vitamin B      

tors flavin mononucleotide (FMN) and flavin adenine dinu-
cleotide (FAD), which are prosthetic groups of flavoenzymes
         
          
        
        
the oxidized form of flavins is fluorescent and shows light
         
          
(Hill et al., 2009). It is known that riboflavin and FMN show
intense fluorescence, whereas FAD and especially flavopro-
teins exhibit only a weak fluorescence signal (Albani et al.,
        
         
cordingly it has been suggested that the ratio of fluorescence
emission of NAD(P)H to flavins can be used as indicator for
         
   
        

      
     
         
       
        
      
dine ring as structural fluorophore and its spectral charac-
       
(i.e. pH, ionization state, solvent polarity). Accordingly fluo-
        
          
        
       
and flavins have been commonly utilized as indicators for
       

fluorophores (i.e. Trp, NAD(P)H) (Siano and Mutharasan,
      
      

          
        
       
       
        
to purine and exhibits strong fluorescent emission (Rembold
        
sponsible for significant autofluorescence within bacterial
         
          
        
Uchiyama et al., 1997). Pteridines emit fluorescence peak-
            
        
        

          

sometimes mentioned in the context of cellular fluorescence
      
         
tributions, due to low concentration, weak fluorescent emis-
        
            
           
         
terol and other sterols are known to fluoresce, though usually
           
        
  

        


In addition to fluorophores which actively participates in cel-
      
fluorescent radiation. The biopolymers cellulose, chitin,
      
        
        
The protein polymers elastin and collagen also exhibit flu-
        
      
      

         
          
       
        
2004). Cellulosic materials exhibit fluorescence over a broad
         
efficient excitation in the UV range (250–350 nm) (Olmstead
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characterized, however the molecular origin of the fluores-
cence is still debated (Olmstead and Gray, 1993). The flu-
         
      
     

         
        
don et al., 2010). It shows maximum fluorescent emission
        

et al., 1984). Several studies refer to chitin as a major flu-
        
       
          

         
     
         
        
Lignin exhibits intense fluorescent emission of blue and
           
         
         
      
       
      
Gray, 1997; Albinsson et al., 1999). In general, the fluo-
       
undefined and distributed over a broad spectral range, de-
       

       

           
(Brooks and Shaw, 1978). Its intense fluorescent emission
           
fluorophores, such as phenolic compounds (    
            
          
        
chemical composition of sporopollenin, including its fluores-
     
       

fluorophores within mammalian tissue which are frequently
used for fluorescence-based tissue investigation. Both show
similar fluorescent properties, respectively:    
         
        
        
much significance on atmospheric FBAP.

    

Two compound classes are summarized as fluorescent
      
       
      

    
biliproteins, flavonoids and carotenoids).
     

       
      
age pigment-like fluorophores (APFs). The formation of
        
      
       
     
       
acids). The generated fluorophores are mainly nitrogeous
      
         
           
light. Usually fluorescent emission of cellular age related
         
the identity of the fluorophores, cellular environment and
        

      
        
       
        
          
       
      
        
garded to show only a relatively weak fluorescence, but it
has been shown that oxidation significantly increases fluores-
         
      

     
      
       
      
          
gae and cyanobacteria show fluorescent emission  
     
by acidification which show fluorescent emission (630–
        
        
2001). Another important class of fluorescent tetrapyrrolic
       
groups. They are known to show intense fluorescent emis-
          
   

Carotenoids and flavonoids comprise the most important
       
      
compounds. Because of their pronounced fluorescence char-
        
listed here as independent fluorophore classes. Both pig-
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pollen autofluorescence (Roshchina and Karnaukhov, 1999,
    

     

       
       
      
       
        
         
      
          
      
        
      
          
      
      
         
Many tend to be autofluorescent and are known to show
a significantly higher intensity compared to structural fluo-
       
         
ondary metabolites and their autofluorescence properties (if
  
         

        
        
specific genetically determined alkaloid pattern. Most of
       
and pathogens. Alkaloids are defined as cyclic compounds
         
        
       
       
diversity is reflected into highly diverse spectral properties.
        
(410–600 nm) of fluorescent emission is covered by plant al-
        
        
      
     
  
       

     
     
(e.g. flavonoids) and complex polyphenolics (e.g. lignin, tan-
        
     
       
      
lics are well known fluorophores which usually emit blue flu-
         
 

       
     
        
     
         
        
      
       
       
      
reports fluorescent emission in the blue range of the elec-
       
light (310–380 nm). For larger terpenes fluorescent emission
        
 
       

       
      
mycosporin-like amino acids (MAAs) are known to autoflu-
         
          
ofluorescence of an organism even in low concentrations. In
        
structurally diverse class of compounds comprising autoflu-
        
        
act as important or even dominant fluorophores.

2.6 Group VI – other fluorophores

Fluorophores that do not fit in the previous groups are sum-
        
          
          
        
         
        
         
cleic acids DNA and RNA are known to be fluorescent due to
      
       
DNA and RNA autofluorescence in microorganisms. When
excited at 260 nmDNA fluorescence can be observed at 330–
          
        
Biological aromatic molecules tend to be fluorescent due to
    
        
RNA) are known to be very weakly fluorescent (Pan et al.,
        
        
          
all relevance of DNA autofluorescence is considered to be
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2001). Medium fluorescence is observed for pure DPA in
         
        
           
be fluorescent with peak emission at approximately 410 nm,
          
       
          
       

    

       
       
          
        
sion of fluorescent radiation. This must be considered when
performing fluorescence measurements on atmospheric sam-
       
tential to cause positive fluorescence measurement artifacts
       
         
       
       
        
lowing section briefly characterizes the fluorescence proper-
          
HULIS is a complex mixture of poorly defined hetero-

      
       
      
        
        
       
        
surrogates. Various studies have investigated the fluores-
         
        
       
        
           
         
      
          
ture of many fluorophores. It has been shown that EEMs
of DOM show two types of fluorescence modes: for humic-
like and protein-like fluorescence, respectively. Humic-
like fluorescence has been observed in three characteris-
        

     
      
like). Protein- or amino acid-like fluorescence, however, oc-
       
         
      
sity of these five modes are highly dependent on molecular
        
vary from sample to sample. It is reported that the fluores-
        
       
        
       
          
         
farther blue-shifted fluorescence when compared to terres-
         
         
        
         
      

  
        

      
        
        
         
         
      
      
et al. (2010) investigated the autofluorescence properties of
      
strongly increased fluorescent emission when aged in the
       
found four major fluorescence modes (280/420, 300/360,
340/440, 425/490 nm, respectively) similar to the autofluo-
       
       
tant source of autofluorescence within certain SOA. In a re-
lated study Chang et al. (2010) found fluorescent emission
         
     
          

spheric aerosol, occurring in both fine and coarse mode and
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fluorescence and phosphorescence processes (Reisfeld et al.,
          
        
        
       
shown to be capable of fluorescent emission they may con-
tribute to fluorescence of certain types of dust within atmo-
        
       
         
       
       
nificantly to detected FBAP numbers in these cases (e.g. Re-
   
        

          
          
        
      
       
     
         
       
        
         
       
         
PAHs are known to be highly fluorescent (quantum yields up
         
        
        
         
         
        
         
tified (Aizawa and Kosaka, 2008, 2010). However, it has
also been observed that fluorescent emission by PAH coat-
ings on organic aerosols is weak due to efficient quenching
         
 

   

   

        
      
        

       
       
       
      
        
      
         
         
          
flame in direct flow of the smoke.  
         
       
      
       
    

  

All fluorescence spectra were recorded on a LS 45 Lumi-
      
         
     
     
         
        
        
       
        
        
       
       
        
           
         
         
       
        
ments). To avoid detector saturation for highly fluorescent
samples a blocking filter (Perkin Elmer, Inc.) was utilized
to reduce the emission intensity. This filter is a metal plate
           
     
       
    
       

       
          
      
mediately (within 15min). The concentration of fluorophore
        
to avoid inner filtering and concentration-related quenching
        
early correlated with fluorescence intensity according to the
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prepared by adding fluorophore analyte (0.2–0.4mgml  
        
     ) and purified
by sterile filtration before use. A magnetic stirrer was uti-
          
ment to avoid sedimentation. Solutions of most soluble fluo-
       
       
        
              
or 100 for weakly fluorescent samples until fluorescent emis-
       
       
of fluorescence spectra of solvent with and without sample.
       

       
        
           
       
zontally onto the sample surface shows maximum fluores-
        
 . For weakly fluorescent powders, which ex-
hibited no clear emission peaks, fluorescence properties were
        
        
        
         
         
firming that most of the signal in the fluorescence region is
        
         
       
light absorption within the samples reduces internal reflec-
        
         
         
       
         
          
of fluorescence intensity across all solid samples. Often flu-
         
          
         
        
          
          
            
          
       
normalizes the absolute intensity of fluorescence for compar-
        
        
       

tative comparison of emitted fluorescence intensity between

          
      
       
         
         


  

The fluorescence microscopy images were taken on a
     
       
       
pixel monochrome CCD. The following fluorescence fil-
         
        
       
      
         
ter specifications are represented as wavelength and peak
  

  

       
        
       
tween nozzle and impaction plate 3mm, flow rate 1 lmin 
        
          
        
         
     
   

   

     

         
fluorescence spectroscopy to a selection of pure biological
fluorophores, particularly those molecules that are consid-
         
shows EEMs for a selection of biological fluorophores, and
          
the Supplement. The selection covers protein autofluores-
cence by means of all three fluorescent amino acids and
       
       
highly fluorescent compounds and are represented by sev-
        
boflavin). The major biopolymers are represented by cel-
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phyrin fluorophores.
It is well known that the fluorescence properties of a flu-

       
      
fluorophore concentration and interaction with other com-
        
fore, performed under consistent, defined conditions. Pure
       
samples in solution or suspension, defined pH and fluo-
      
         
      
          
in a defined test environment. As a result the position and
intensity of fluorescence modes shown may differ from in
      
         
         
overview, providing a collection of fluorescence landmarks
      
      

        
       
also been found to significantly influence the fluorescence
properties of a fluorophore (Lakowicz, 1999; P  
        
        
       
show clearly defined fluorescence modes with only weak in-
         
compounds fluorescence modes, by contrast, are usually less
       
fluorescence modes, and an elevated fluorescent background.
        
with very weak fluorescence modes, and we propose that the
light detected as fluorescence is simply a function of light
           
tering peaks cause a significant enhancement in signal in the
absence of true molecular fluorescence). For this reason, the
        
          
        
          
riboflavin in Figs. 2f and S2f in the Supplement) was also

Molecular fluorescence generally provides less charac-

       
       
Mixing of emission peaks from different fluorophores has
        
      
in the intensity of fluorescent emission. Compounds such
         
centrations, for example, whereas fluorescent emission of

       
all cases. The intensity of fluorophores frequently discussed
       
phan, NADPH and riboflavin, can be characterized among
the compounds shown as having a medium level of fluores-
cent emission. However, fluorescence intensity is a complex
       
tion coefficient at         
influences by the molecular environment. Accordingly, only
      
    

4.2 Spectral mapping of biological fluorophores

As a way of summarizing the properties of key biofluo-
rophores, Fig. 3 highlights fluorescent emission peaks (and
       
       
         
           
     =300–500 nm). Riboflavin and
, however, uniquely exhibit significantly larger

          
obvious that the modes of many fluorophores cluster in two
          
         
        
(i.e. pyridoxamine, riboflavin). Hotspot II (  
         
       
       
         
          
        
       
        
           
       
spherically important biofluorophores. Beyond these estab-
       
       
          
          
     
           
         
       
           
in a spectral region where only relatively few biofluorophores
(e.g. riboflavin, chlorophyll- and chitin) are efficiently ex-
cited (see also Fig. S6 in the Supplement). Riboflavin, how-
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Fig. 2. EEM contour profiles for selected pure biological fluorophores in solid or solvated state. Intensity color scale has been adjusted to
intensity of individual components. All EEMs are normalized as discussed in text (Sect. 3.2). Normalization factor (NF) is reported for each
solid-state sample. Lower NF indicates higher fluorescence intensity. Note change in x-axis scale for chlorophyll-b.
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fluorophores. Protein fluorophores are represented by solid circular
markers, coenzyme fluorophores by solid square markers and struc-
tural fluorophores by open markers. Full width half max (FWHM)
         
Differences in relative fluorescence intensity are neglected. For
multimodal fluorophores all modes are shown. Data refer to mea-
surements of solved fluorophores in PBS. For cellulose and chitin
          
        

Accordingly, a variety of fluorophores within atmospheric
         
that PBAPs comprise potentially many different fluorescent
         
bacteria have been shown to contain a mixture of fluorescent
coenzymes such as pyridine, flavin, pyridoxine and pteridine
        
         
on autofluorescence usually detects a mixed signal from po-
tentially many different fluorophores. In contrast to tech-
nical applications where autofluorescence of NADH is di-
          
         
         
       
of the measured fluorescence to a certain fluorophores diffi-
         
       
       
          
         
from interference by other biofluorophore is riboflavin and
related flavoproteins (Koenig and Schneckenburger, 1994).
Figure 3 also shows that the fluorescence signal of the pro-

         

signal. Because the fluorescent emission of tyrosine and
       
         
icantly to the overall fluorescence signal in native proteins
          
            
            
        
which is due to the specific influence of the microenviron-
         
each individual fluorescence mode in Fig. 3 is determined by
the structural nature of the corresponding fluorophore, such
    -bond conjugation or influence of electron
        
        
          
ure 3 displays a similar map for biofluorophores presented
here. Sampled compounds that contain small monocyclic flu-
       
         
          
370 nm). Compounds with larger fluorophores such as
      
       
        
      
such as flavins and porphyrins (chlorophyll-   
         
        
      
thus extending the fluorescence band over a much broader
range of excitation wavelengths (i.e. for riboflavin and

In addition to the investigation of fluorescence properties

of pure fluorophores, the analysis of biological standard com-
         
        
of microorganism fluorescence is beyond the scope of this
       
          
and surrogate for atmospheric PBAP. The fluorescence prop-
          
       
    
and flavins are the dominating fluorophores in  
         
          
overall biomass. The EEM in Fig. 4 shows a fluorescence
       
tioned fluorophores. A strong peak at 285/350 nm (  
       
          
tein fluorescence due to deep UV excitation (Bhartia et al.,
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yeast). Spectral positions of selected pure fluorophores are shown
          

        
          
doxine coenzymes. However, no flavin signal was observed.
         
sponding fluorophores (based on the measurements in Fig. 2)
          
used to characterize the fluorescence properties of various
  

    

         
compound types discussed in Sect. 2.7 fluorescence spectra
        
lene, phenanthrene, fluoranthene), mineral dust (kaolin and
         
        
         
        
tinct categories: (I) EEMs with clearly resolved fluorescence
        
(II) EEMs without clear modes, but with significant light
         
   
EEMs of HULIS surrogates which show defined fluores-

        
        
       
sity and resemble fluorescence behavior of DOM (e.g. Chen
         
compounds show strongly fluorescent emission, the peak
         

           
cited efficiently over a wide wavelength range (230–390 nm),
whereas samples in solution show relatively narrow, defined

In contrast to compounds that show well defined modes of

fluorescent emission, EEMs of dry powders such as mineral
         
        
      
         
         
         
         
           
          
         
        
crospheres) not expected to show any classical fluorescent
         
        
          
       
         
inate as molecular fluorescence. We thus suggest that the
          
monochromators within the spectrofluorometer and that light
         
       
         
fluorescence background is minimal for compounds that ex-
hibit defined fluorescence modes, is magnified in powdered
samples with high surface area for reflection, and is high-
         
         
        
          
          
          
De Souza Sierra et al. (1994) it is critical to correct fluores-
         
        
      
offer the ability to semi-quantitatively compare fluorescent
      
           
      
       
   

4.4 Comparison of autofluorescence from
biofluorophores and interfering species
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Fig. 5. Normalized EEM contour profiles for selected interferences in solid state and/or solution. Intensity color scale has been adjusted to
intensity of individual components. All EEMs are normalized as discussed in text (Sect. 3.2). Normalization factor (NF) is reported for each
solid-state sample. Lower NF indicates higher fluorescence intensity.

www.atmos-meas-tech.net/5/37/2012/ Atmos. Meas. Tech., 5, 37–71, 2012

47
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Fig. 6. Normalized fluorescence emission spectra of biofluorophores and potential interferences for selected excitation wavelengthsλex;
(a) emission spectra of biological fluorophores atλex= 280 nm;(b) emission spectra of biological fluorophores atλex= 355 nm;(c) emission
spectra of potential interferences atλex= 280 nm; (d) emission spectra of potential interferences atλex= 355 nm. Dashed lines indicate
samples in dry state, solid lines indicate samples in solution. Spectra were scaled in some cases to fit on same y-axis. For example,
pyridoxamine in(a) peaks at∼350 a.u., and not∼35 a.u. as shown.

wavelengths of excitation were chosen to highlight observed
fluorescent emission within the two primary bands of fluo-
rophores discussed in Sects. 4.1–4.2 and because they repre-
sent or approximate the excitation sources of two commer-
cially available FBAP-detection instruments (UV-APS and
WIBS). Detected emission ranges for both instruments are
shown by shaded regions on the plot, although it is impor-
tant to note that the second WIBS excitation source pro-
duces radiation at 370 nm and not at 355 nm (corresponding
to UV-APS) as shown in Fig. 6b and d. Colored traces show
individual fluorophores selected to represent key molecules
for FBAP detection from Table 1. This set of summary
plots enables a semi-quantitative comparison of fluorophore
importance, in particular regarding the influence of poten-
tial interferences. Fluorescence properties of certain biofluo-
rophores have been investigated in various studies, however,
much less information is available regarding the intercom-
parison between very different compound types (in particular
biofluorophores and non-biological fluorophores). Figure 6
provides a simple approach to fill this gap.

In the raw (non-normalized) spectra (Figs. S4, 5 in the
Supplement) the “plateau-like” emission of materials such
as fulvic acid, kaolin, NaCl, and cellulose can be easily seen,
while the normalized spectra of such materials (Fig. 6) show
only weak fluorescence. The normalized spectra of NaCl
can be used as a surrogate post-normalization background,
because it is not expected to fluorescence at wavelengths
used here and because it exhibits the most fluorescence in-
tensity of the “non-fluorescent” powders. As such, the emis-
sion spectrum for NaCl retains a measureable background
when excited at 280 nm, increasing from a minimumI ∼ 1.0
at λem,350 to ∼2.0 atλem,550, while it exhibits a steep valley
profile when excited by 355 nm radiation, but withI < 0.5
for all emission between 400 and 650 nm. Small peaks in
emission spectra of weakly fluorescing compounds can con-
sistently be seen at∼340, 422, 459, and 485 nm forλex,280
and at 420 and 485 nm forλex,355. The most prominent of
these appear as subtle diagonal lines between the 1st and
2nd order elastic scattering lines on EEMs of weakly fluo-
rescing dry powders (e.g. Figs. 2m and 5a,c,m–o). These

Atmos. Meas. Tech., 5, 37–71, 2012 www.atmos-meas-tech.net/5/37/2012/
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do not appear for fluorescent compounds, however, and are
         
ing processes. In contrast to weakly fluorescing molecules,
emission by biofluorophores and PAH compounds show
       
we roughly categorize these to be fluorescent in all cases. In
general it can be stated that position and linewidth of fluores-
         
       
level of the first excited electronic state (Sect. 1.2). Thus,
fluorescence signals are indicated by vertical lines or indi-
         
        
the fluorescence intensity, which does so as a function of the
absorption spectrum of the fluorophore. In contrast, signals
        
           
        
           

molecules associated with biological organisms fluoresce.
         
         
       
variety of fluorophores contribute to the overall fluorescence
      
the nine biomolecules chosen, fluorescence is generally high.
         
shows essentially no fluorescence (similar emission profile
   , but weak fluorescence at   
 ). Chitin shows only marginally increased fluores-
   compared to cellulose, but significant emis-
           
other samples of biological fluorophores and material chosen
        
         
phan, showed fluorescent emission among the most intense
        
        
        
cial fluorophore in proteins.
       

shown in Fig. 6c and d show very weak fluorescence. Pyrene
and naphthalene, shown here as examples of PAH fluores-
          
          
         
    . Strong fluorescent emission of
        
lene shows only fluorescence when excited at 280 nm. More-
         
        
         
         
hibit no emission of classically-termed fluorescence, but four
of the other compounds chosen show fluorescent emission

           
         
dust has been shown to fluoresce in some circumstances,
kaolin fluorescence is insignificantly weak compared with
the intensity of the biofluorophores measured here. Fulvic
         
weak fluorescence. This could indicate that HULIS may not
cause significant interference within FBAP measurements
because of a comparatively low level of fluorescent intensity
       
        
Sect. 2.7). In particular, fluorescence from single particles
          
PAH compounds were observed to fluoresce intensely, diesel
        
        
       
       
          
only weak fluorescence due to inner quenching effects.
For excitation at 355 nm fluorophores such as NAD(P)H,

pyridoxamine, neopterin, riboflavin, chitin and cellu-
lose likely contribute to wavelength-integrated fluores-
         
         
      
         
        
        
this spectral range an integrated fluorescence signal provides
       
        
        
inate the fluorescence signal in all cases. Neither UV-APS
        
        
    may be more sensitive to influ-
         
       
       
280 nm, the region exemplified by the first WIBS emission
   =310–400 nm) suggests that fluorophores such
     
         
coenzymes (i.e. pyridoxamine, riboflavin) also important.
The region exemplified by the second WIBS emission band
          
and coenzyme fluorescence, however, to a lower extent.
       

        
        
Given the fluorescence spectra shown, however, the WIBS
          
in the first of two channels at 
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fluorophores which are relevant for atmospheric science is
       
jor fluorophore classes and characterized by their biological
role and abundance as well as by certain fluorescence prop-
erties. As a first approach the relative atmospheric impor-
tance of individual fluorophores or classes of fluorophores
       
        
      
ual fluorophores shows that unique autofluorescence prop-
        
       
ical fluorophores can be collected into two relatively nar-
          
        
  
        

fluorophores at      
amine, riboflavin) are also potentially important. Coenzymes
       
among the most highly fluorescent compounds at  
       
The complexity of overlapping spectra for fluorophores ex-
          
difficulty in making molecular determination of fluorescence
       
         
       
         
         
detector may be difficult by single wavelength fluorescence
         
        
        
    
     

       
       
potentially contribute to fluorescence at wavelengths used by
        
       
         
       
      
       
        
to fluoresce under certain conditions (Bones et al., 2010),
       
scientific literature. While SOA can dominate submicron
      
ticle mass is probably small. As such, its influence on the
fluorescence signal of supermicron FBAP is likely also very

a b

c d
10 µm

        
   brightfield,        
             
  

       
which often are intensely fluorescent, are largely present in
         
       
to largely quench fluorescence. As a result of this and the
          
       
        
       
addressing fluorescent properties of selected compounds the
results of this laboratory study suggest that fluorescent prop-
          
        
           
only serve as a first general approach to aspects of selectivity
       
address differences between bulk and single particle fluores-
cence (Hill et al., 2009), the characteristic fluorescence fin-
        
   
         

       
of autofluorescence via fluorescence microscopy. Initial
observations show that particles that fluoresce most strongly
      
        
           
vide a similar conclusion as given by the laboratory fluores-
         
        
       
          
essary and forthcoming in order to fill in important gaps in
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understanding. For example, the fluorescence properties of
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EEM normalization: 

 

The intensity of all raw EEMs of solid state samples shown in this paper have been 

normalized as described in Section 3.2. Figure S1 shows tails of transmitted light on the left 

and right side of the Rayleigh scattering bands (1st and 2nd order) due to imperfect 

monochromators. In particular, this effect was magnified by the instrument settings utilized in 

this study, because the excitation and emission slit widths were fixed at relatively large values 

of 10 nm each. This setting allows a higher quantity of light to pass the slits, which provides 

the advantage of increased sensitivity. However, it also decreases spectral resolution and 

increases the spurious background light as discussed. Superposition of these spurious light 

effects leads to the elevated 

1st and 2nd order Rayleigh lines.  

    

Fluorescence spectra of solid state, powder samples in this study were corrected for spurious 

background light, which was observed to be significantly stronger for white (non-absorbing) 

materials than for materials of other colors. A normalization factor (NF) has been calculated 

as a function of the emitted light intensity to the left of 1st order Rayleigh scattering within an 

EEM. This light, by definition, cannot be considered fluorescent, because the wavelength of 

emission would be shorter than the wavelength of excitation. The NF was calculated as the 

mean on a line parallel to the 1st order Rayleigh signal, but separated by 

40 nm vertically (thus in excitation). A value of 40 nm was utilized because 

it was found to be a compromise between two factors. Allowing the  value to decrease 

caused an increase in the noise of the normalization due to the fact that the NF line became 

increasingly close to the steeply increasing 1st order Rayleigh scattering signal. Allowing the 

value to increase reduced the magnitude of the normalization as a function of the decreasing 

intensity of the light leakage tail.  value also chopped data from the right side of 

each normalized EEM (high emission values), caused by corresponding reduction in vertical 

range (excitation) in the plot. In Figure S1 the lines for NF-calculation are shown for kaolin, 

chitin and humic acid (Fig. S1a-c). In Figure S1d the profiles of these lines are shown 

h em. The highest 

intensities (e.g. for kaolin) were observed between 375 and 500 nm. Moreover NF show the 

highest values for white and highly reflecting materials (i.e. NFkaolin = 189, white powder) and 

significantly lower values for darker and less reflecting materials (i.e. NFhumic acid = 29, dark 

brown powder).  
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Due to the wavelength dependence of the spurious light intensity along the normalization line 

attempts to normalize the EEM matrix based on individual excitation (horizontally) or 

emission (vertically) wavelengths, respectively, were performed. Two major problems were 

produced by this procedure, however. (I) Significant qualitative changes are reflected into the 

EEM by the peaking intensity of the normalization line. It has been found that these changes 

Moreover a certain area of the EEM cannot be normalized because the normalization line is 

accessible in vertical and horizontal direction only for a certain wavelength range. 

Accordingly for horizontal normalization the lower excitation wavelengths and for vertical 

normalization the upper emission wavelengths are chopped off. 

 

For comparison with normalized EEMs a collection of non-normalized raw EEMs can be 

found in Figure S4 and S5.  

 

 

Figure S1. Conceptual illustration of normalization for (a) kaolin, (b) chitin and (c) humic 

acid. Colored normalization lines for calculation of NF are shown in (d) for comparison.  

 

Figure S2. Additional EEM contour profiles for selected pure biological fluorophores in 

solid, suspended or solvated state. Color intensity scale has been adjusted to intensity of 

individual components. All EEMs are normalized as discussed in text (Section 3.2). 

Normalization factor (NF) is reported for each solid-state sample. Lower NF indicates higher 

fluorescence intensity. 

 

Figure S3. Additional EEM contour profiles for selected potential interferences in solid or 

solved state. Intensity color scale has been adjusted to intensity of individual components. All 

EEMs are normalized as discussed in text (Section 3.2). Normalization factor (NF) is reported 

for each solid-state sample. 

 

Figure S4. Raw EEM contour profiles for selected pure biological fluorophores in solid, 

suspended or solved state. Intensity color scale has been adjusted to intensity of individual 

components. 
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Figure S5. Raw EEM contour profiles for selected potential interferences in solid, suspended 

or solved state. Intensity color scale has been adjusted to intensity of individual components. 

 

Figure S6. Normalized fluorescence emission spectra of biofluorophores and potential 

ex; (a) Emission spectra of biological 

ex = 280 ex = 355 nm; 

ex = 405 nm; (d) Emission spectra of 

ex = 280 nm; (e) Emission spectra of potential interferences at 

ex = 355 ex = 405 nm. Dashed lines 

indicate samples in dry state, solid lines indicate samples in solution. Spectra were scaled in 

some cases to fit on same y-axis.  

 

Figure S7. Raw fluorescence emission spectra of biofluorophores and potential interferences 

for sele ex; (a) Emission spectra of biological fluorophores at 

ex = 280 ex = 355 nm; (c) Emission 

ex = 280 nm; (d) Emission spectra of potential 

ex = 355 nm. Dashed lines indicate samples in dry state, solid lines indicate 

samples in solution. 
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Figure S2.
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Figure S4.
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Figure S5.

8

600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Diesel soot (dry) 

20

16

12

8

4

0
F

lu
o
re

s
. In

te
n

sity
 (a

.u
.)

(c)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Fulvic acid (dry) 

160

120

80

40

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(b)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Humic acid (dry) 

120

100

80

60

40

20

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(a)

600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Naphthalene (dry, x0.01) 

100

80

60

40

20

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(f)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Pyrene (dry, x0.01) 

200

160

120

80

40

0
F

lu
o
re

s
. In

te
n

sity
 (a

.u
.)

(e)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Biomass burning soot (dry) 

30

20

10

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(d)

600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 NaCl (dry) 

400

300

200

100

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(i)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Kaolin (dry) 

500

400

300

200

100

0

F
lu

o
re

s
. In

te
n

sity
 (a

.u
.)

(h)
600

500

400

300

E
x
c
it
a

ti
o
n

 [
n

m
]

600500400300

Emission [nm]

 Phenanthrene (dry) 

500

400

300

200

100

0
F

lu
o
re

s
. In

te
n

sity
 (a

.u
.)

(g)

67



Figure S6.
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Abstract 

 

Primary biological aerosol particles (PBAP) are important actors in atmospheric cycling, climate, 

and public health. Pollen is a major fraction of PBAP and has received increasing attention due to 

its high allergenic potential and the associated severe impacts on personal life quality and economy. 

Recently, autofluorescence-based techniques have proven to be valuable tools for in situ and real-

time quantification and classification of PBAP. First studies suggest that the autofluorescence of 

pollen may be sufficiently selective to be utilized for an automated and real-time monitoring of 

pollen in ambient air. However, the degree of selectivity autofluorescence can provide is still in 

question and actively debated.  

This study addresses the origin, properties, and selectivity of native pollen autofluorescence. 

The term native denotes undamaged and chemically untreated samples from fresh collection and 

commercial sources. The study provides fluorescence microscopy and spectroscopy measurements 

along with a systematic synthesis of related literature. We show that native and dry pollen reveals 

characteristic and reproducible autofluorescence signatures which are shaped by cell wall associat-

ed fluorophores, such as phenolic compounds and carotenoid pigments. In addition, fluorescence 

signals from proteins and chlorophyll a were observed occasionally. The abundance and intensity 

of the individual fluorescence signals show certain taxonomic trends. Principal component analysis 

was used to explore the discrimination potential of pollen autofluorescence and revealed a differen-

tiation of pollen on family level. We suggest that the results reported here can support the devel-

opment and application of autofluorescence-based detectors for a specific monitoring of allergenic 

pollen in the atmosphere. In general, our results help to explore the levels of selectivity that auto-

fluorescence-based techniques can provide in PBAP analysis.  
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1. Introduction 

1.1 Primary biological aerosol particles and atmospheric relevance 

Primary biological aerosol particles (PBAP), also called bioaerosols, consist of a complex mixture 

of small biogenic particles, which are directly released from the biosphere into the atmosphere 

(Després et al., 2012). The major constituents of PBAP are microorganisms (e.g. bacteria and al-

gae), reproductive units (e.g. pollen, fungal and bacterial spores), as well as fragments and excre-

tions of various organisms (e.g. plant debris and bacterial vesicles) spanning a wide size range from 

a few nanometers to hundreds of micrometers (e.g. Kuehn and Kesty, 2005; Elbert et al., 2007; 

Burrows et al., 2009). Bioaerosols are globally ubiquitous and can dominate the coarse aerosol bur-

den in certain ecosystems (e.g. Pöschl et al., 2010). PBAP have received increased attention in at-

mospheric science due to their impact on atmospheric chemistry and physics (Pöschl, 2005; Möhler 

et al., 2007), their important role in biogeochemical (Gorbushina and Broughton, 2009; Mahowald 

et al., 2011) and hydrological cycling (Morris et al., 2008; Huffman et al., 2013; Prenni et al., 

2013), as well as their influence on public and agricultural health (D'Amato, 2000; Bernstein et al., 

2004). 

Pollen is the male gametophyte in the life-cycle of sexually reproducing plants and thus plays a 

crucial role in plant reproduction and ecology (Nepi and Franchi, 2000; Taiz and Zeiger, 2010). 

Pollen development in the plant stamen, its maturation and release as well as pollen-stigma recog-

nition and pollen tube growth represent a highly specialized developmental process (e.g. Bedinger 

et al., 1994; Pacini, 2000; Boavida et al., 2005). Plants rely on either abiotic (i.e. wind-driven, 

called anemophilous) or biotic (i.e. insect mediated, called entomophilous) pollination methods 

(Sofiev et al., 2009). Pollen which are dispersed anemophilously are “optimized” for atmospheric 

transport (i.e. small physical and aerodynamic grain size, low density e.g. due to air bladders, lack-

ing sticky coating) and account for ~10 % of all pollen species. Anemophilous pollen (range 10-

100 µm, average 20-30 µm) mark the upper size limit of airborne biological material with typical 

number concentrations around ~10 m-3 in ambient air (Wilson et al., 1973; Sofiev et al., 2006; 

2009). Though generally less abundant in number than other classes of atmospheric bioaerosols, 

such as fungal spores at ~103-104 m-3 (Fröhlich-Nowoisky et al., 2009) or bacteria at ~104-105 m-3 

(Burrows et al., 2009), pollen concentrations can increase to 103 m-3 during strong pollination 

events (Siljamo et al., 2008). The number concentration of small PBAP could be underestimated in 

some cases, due to the fact that pollen can swell and burst after taking up water, releasing 102-

103 particles (Taylor et al., 2007). Despite their relatively large physical diameter and high sedi-

mentation velocities, intact pollen grains frequently undergo long distance dispersal (up to 

~103 km) (e.g. Kellogg and Griffin, 2006; Sofiev et al., 2006; Kuparinen et al., 2009), and thus may 

impact the biology of the destination and atmospheric properties en route. Thus, potential changes 

in pollination patterns due to climate change are discussed as a major uncertainty regarding biodi-

versity and ecosystem stability (Tylianakis et al., 2008; Zhang et al., 2013). 

During the last few decades, pollen have received increased attention due to their extreme aller-

genicity and severe impacts on human health (e.g. Franze et al., 2005; Reid and Gamble, 2009; 

Sofiev et al., 2009). Between 10 and 25 % of the European population is affected by seasonal aller-
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genic rhinitis causing substantial impact to personal life quality and to national economies as a re-

sult of lost work time (Traidl-Hoffmann et al., 2003; Scharring et al., 2006; Diethart et al., 2007). 

Therefore, substantial technical, financial and scientific effort has been invested in developing reli-

able aeroallergen monitoring and forecasting systems (e.g. Kalman et al., 1997; Ranzato et al., 

2007; Scheifinger et al., 2013). However, quantification and identification of pollen is a demanding 

task due to highly diverse and variable pollen concentrations in the atmosphere, as well as influence 

of environmental conditions (e.g. relative humidity) and air pollutants (e.g. ozone and nitrogen ox-

ides) (e.g. Franze et al., 2005; Shiraiwa et al., 2012). In particular, the role of small and respirable 

allergenic entities - so called daughter allergens or paucimicronic particles - which are released 

from the pollen surface and/or from the cytosol upon pollen grain bursting is poorly understood 

(e.g. D'Amato, 2000; Taylor et al., 2007; Wang et al., 2012). Furthermore, observations suggest 

that the atmospheric abundances of intact pollen and allergenic submicron particles, after pollen 

burst, are frequently “decoupled”, thus complicating efforts to develop a coherent allergen monitor-

ing strategy. This suggests that a combination of direct-counting and immunodetection techniques 

may be necessary to adequately predict airborne allergen levels (Razmovski et al., 2000).   

In addition to health related effects, pollen may impact atmospheric cycling and cloud micro-

physics (Möhler et al., 2007; Prenni et al., 2009; Hoose and Möhler, 2012). Pope (2010) showed 

that pollen can act as efficient cloud condensation nuclei (CCN), however, their low atmospheric 

number concentration prevents them from being important on a global scale. In contrast, many 

studies have reported the high ice nucleation activity (INA) of various pollen species and highlight 

their potential importance for mixed-phase clouds in biologically-influenced environments (Dingle, 

1966; Diehl et al., 2001; 2002; von Blohn et al., 2005; Pummer et al., 2012). Although pollen are 

assumed to account only for a small fraction of IN on a global scale, their local and regional impact 

on cloud micro-physics could be substantial (Hoose et al., 2010).      

 

1.2 Autofluorescence in bioaerosol detection  

The term autofluorescence, or intrinsic fluorescence, denotes fluorescent light emission from a ma-

terial based on the presence of fluorophores, for example cell constituents such as proteins and co-

enzymes (Pöhlker et al., 2012; Andrade-Eiroa et al., 2013). The term is to be distinguished from 

extrinsic fluorescence achieved through the use of fluorescent stains applied to otherwise non-

fluorescent material, such as biological cells allowed to interact with fluorescent dyes (e.g. Hawe et 

al., 2008). Among a large variety of techniques for the investigation of atmospheric PBAP, auto-

fluorescence-based instruments have received increasing attention in the last few decades (e.g. Ho, 

2002; Kaye et al., 2005; Hill et al., 2009; Sivaprakasam et al., 2009; Bundke et al., 2010). Such 

instruments utilize the emission of laser/light induced fluorescence (LIF) from biological material, 

providing a quantitative, non-destructive, and in situ detection of atmospheric biological particles in 

real-time. Thus, LIF instruments overcome certain drawbacks in traditional PBAP analysis, such as 

high labor cost, low time resolution and lack of quantitative information (Burrows et al., 2009).  

The application of LIF to bioaerosol detection relies on the basic assumption that the intrinsic 

fluorescence within the measured spectral range of biological material exceeds that of potentially 
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interfering non-biological matter. This may be a valid assumption in many cases, suggesting that 

LIF techniques can, to a large degree, identify many types of biological aerosol particles on top of a 

complex and variable mixture of other atmospheric aerosol types. However, the exact relationship 

between the fraction of detected fluorescent biological aerosol particles (FBAP) and the fraction of 

all PBAP remains unclear and is surely dependent on specific instrument parameters and the sam-

pled aerosol types. One reason is, that the fluorescence properties of biological and non-biological 

materials are not separated by a clear offset, but rather show overlapping properties (Hill et al., 

2009; Huffman et al., 2012). Biological particles exhibiting weak fluorescence will not be counted 

by LIF instrumentation (Huffman et al., 2012; Pöhlker et al., 2012). As a further complication, 

small particles are prone to escape LIF detection because fluorescence intensity, as a function of 

fluorophore abundance in the cell, depends strongly on particles size (e.g. Sivaprakasam et al., 

2004; Healy et al., 2012). Thus, it has been suggested that FBAP number is, in many cases, a lower 

limit of PBAP number (Huffman et al., 2010), but further work is needed to explore and quantify 

this relationship. It is also expected, for example, that certain non-biological aerosols could show 

elevated fluorescence (e.g. polycyclic aromatic hydrocarbons, PAH) and would thus represent 

false-positive counts. The concentration of PAH is expected to be low at supermicron particle sizes 

and would not contribute significantly to fluorescent particle number. Certain types of mineral dust 

and humic-like substances (HULIS) could also be detected as fluorescent, and this will undoubtedly 

confound FBAP interpretation. Comparing FBAP size distributions from a commercially available 

bioaerosol LIF instrument with contemporaneous filter samples analyzed via microscopy, Huffman 

et al. (2012) concluded that the LIF instrument was reliably able to provide lower-limit values of 

PBAP in a pristine rainforest location, but that more work was necessary to apply the same conclu-

sions more broadly. 

In the context of ambient bioaerosol detection, three major fields of LIF application can be dis-

tinguished: (I) the detection of biological warfare agents (BWA), (II) the analysis of PBAP in at-

mospheric science, and (III) the selective online monitoring of aeroallergens. (I) The development 

of LIF instruments for BWA detection has mainly been conducted by military research facilities. 

Their aim is to develop early warning systems for BWA treats, which requires a quick, reliable 

recognition of potentially harmful organisms (e.g. Jeys et al., 2007). (II) Commercialization of LIF 

instruments has triggered their application in the atmospheric science community for field-based 

PBAP analysis. Here, LIF is utilized to explore the concentration, composition, temporal and spa-

tial variability as well as characteristic size and emission patterns of PBAP in different environ-

ments. A growing number of studies has been published which provide new and important insights 

into the PBAP cycling in the ambient atmosphere (e.g. Gabey et al., 2010; Huffman et al., 2010; 

Pöschl et al., 2010; Gabey, 2011; Huffman et al., 2012; Toprak and Schnaiter, 2013). Currently, 

applications in atmospheric science are designed primarily to quantify the total PBAP burden rather 

than to differentiate individual classes or species. (III) The development of a reliable monitoring 

infrastructure for major aeroallergens, such as pollen and molds, is a concern of high medical and 

societal interest (e.g. Scharring et al., 2006). LIF techniques feature real time detection capability 
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and certain taxonomical selectivity. Therefore promising efforts have begun to utilize LIF tech-

niques for pollen monitoring (Ronneberger et al., 2002; Mitsumoto et al., 2009; 2010).              

The quality of the discrimination ability between biological and non-biological aerosol particles 

is strongly depended on the spectral design of the LIF bioaerosol detector (i.e. excitation wave-

lengths and emission detection bands). Thus, the application of LIF for bioaerosol quantification 

and classification requires a sound knowledge of the fluorescence properties of the target bioaero-

sol particles. Accordingly, a number of studies have been conducted in the laboratory to character-

ize the LIF detection process and to understand it on a molecular level. One strategy utilizes labora-

tory-generated and well defined standard bioaerosols to analyze the corresponding response of 

online LIF instruments (Agranovski et al., 2003; Kanaani et al., 2008). Such experiments provide 

important information about the sensitivity and selectivity of instruments and their optical configu-

rations. Another strategy uses offline techniques to measure and characterize the general autofluo-

rescence signature of selected bioaerosol types. In some studies fluorescence microscopy is used to 

understand general fluorescence patterns and fluorophore locations in bioaerosol proxies (e.g. 

Roshchina et al., 2004; Herbrich et al., 2012). Other studies have applied fluorescence spectroscopy 

to understand characteristic emission signatures (e.g. O'Connor et al., 2011). Particularly, excita-

tion-emission-matrices (EEMs) can be a useful tool for a systematic characterization of steady-state 

autofluorescence signatures (Satterwhite, 1990; Wlodarski et al., 2006; Hill et al., 2009; 

Mularczyk-Oliwa et al., 2012; Andrade-Eiroa et al., 2013). They can be used as “roadmaps” to 

identify spectral regions with high fluorescence levels, good signal-to-noise ratios and high degrees 

of selectivity (Pan et al., 2007).       

 

1.3 Scope and aim of this study 

This paper follows our recent study on bioaerosol autofluorescence and therefore the studies can be 

regarded as part I (Pöhlker et al., 2012) and part II (this study). Part I provides a detailed introduc-

tion into the field of autofluorescence for PBAP detection and analysis. It addresses the question of 

whether the complex autofluorescence signals from bioaerosols can be traced back to individual 

biofluorophores on a molecular level. Therefore, part I provides a systematic summary of literature 

knowledge on (bio)fluorophores and a fluorescence spectroscopic characterization of the most im-

portant fluorophores in PBAP and non-biological interferences. Part I operates on the simple level 

of individual and pure biofluorophores and uses EEMs as an appropriate offline tool. Metrics, such 

as spectral properties, intensity and fluorophore abundance in PBAP, are utilized to explore bioaer-

osols autofluorescence on a molecular basis.  

This part II study operates with the concepts introduced in part I and is motivated by the same 

scientific questions. However, here we extend the analytical scope from pure fluorescent molecules 

to whole biological particles, thus adding a layer of complexity. As outlined in the introduction, 

atmospheric PBAP is a very diverse mixture of suspended biological material. Ultimately, it is an 

open question of what type of information autofluorescence techniques may provide in atmospheric 

PBAP analysis. The present study aims to help to reduce the uncertainty associated with LIF appli-

cations in PBAP analysis, by means of a systematic analysis of standard biological particles. Here, 
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we focus on pollen as an adequate bioaerosol type. We suggest that this systematic investigation (i) 

gives a clear and general picture on the autofluorescence properties of native pollen and (ii) illus-

trates, by means of one standard particle type, how offline fluorescence techniques can support the 

application of LIF in ambient air. Beyond pollen, other major PBAP types, such as fungal spores 

and bacteria, still await a similar characterization in follow-up studies.  

The choice of pollen is motivated by two main reasons. First, from an experimental point of 

view, we found that pollen represent ideal test particles because of their strong and diverse fluores-

cence signatures. Moreover, the large grain size supports microscopic analysis and allows the reso-

lution of cellular details and autofluorescent “fine structure”. Therefore, within this first explorative 

study, pollen is appropriate to illustrate the scope and limits of the techniques. The second reason 

is, that pollen represents atmospheric particles of high relevance, particularly due to its high aller-

genic potential with severe social and economic impacts. Therefore, a reliable, selective, and auto-

mated pollen monitoring infrastructure which can be operated in real-time is highly desirable, but 

technically not yet practicable. Autofluorescence-based techniques have proven to be highly valua-

ble tools for the analysis of atmospheric bioaerosols. Thus, autofluorescence is regarded as a prom-

ising candidate for a selective in situ monitoring of allergenic pollen in the air. Here, we aim to 

contribute to this discussion by systematically exploring the autofluorescence properties of pollen 

and to assess their applicability for ambient measurements.          

  

2. Materials and methods 

2.1 Chemicals and materials 

Most pollen samples were purchased from commercial vendors: Allergon AB (Ängelholm, Swe-

den), Sigma Aldrich (St. Louis, MO, USA), Thermo Scientific (Waltham, MA, USA) and Pol-

yscience (Niles, IL, USA) (see Table 1 for detailed information). On inquiry, the providers assured 

that their marketed standard pollen samples can be regarded as native which means that no chemi-

cal (e.g. dewaxing) or comparably harsh treatment was applied after harvest and that the pollen 

were stored under cool and dry conditions1. The purity of the purchased pollen samples was care-

fully checked by microscopy. In addition to standard pollen from commercial providers, various 

further samples were collected freshly in a local park in Mainz, Germany, during spring pollination 

season – three of these samples are included in this study for comparison (see Table 1). In the 

course of the manuscript, the term native pollen is used for both, freshly harvested and commercial-

ly obtained samples, which were collected without any post-processing, except sieving. All other 

chemicals were purchased from Sigma Aldrich and Merck (Darmstadt, Germany) and used as de-

livered.     

The consistency of the pollen fluorescence properties across different sources was carefully 

evaluated. Two pollen species (B. papyrifera and A. artemisiifolia) were each obtained from two 

different providers, and EEMs were shown to be identical, irrespective of commercial source 

(Fig. S1). Moreover, fresh and purchased pollen showed similar appearance in fluorescence mi-
                                                            
1
 The only exception is A. stolonifera. In this case, dewaxing with acetone was conducted after harvesting. No sub-

stantial differences in morphology and fluorescence to the untreated pollen samples were observed. Thus, A. stolon-

ifera is included in the analysis, however, treated carefully and marked in Fig. S2.  
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croscopy analysis, further confirming their comparability (Fig. 2). In addition, the EEM of freshly 

collected S. nigra pollen (Fig. S2M) resembles the general fluorescence signatures of the commer-

cial pollen samples. Based on these crosschecks we assume in following that the fluorescence 

properties of commercially obtained pollen are consistent with results from freshly harvested sam-

ples.  

 

2.2 Fluorescence microscopy 

Fluorescence microscopy images were taken on a BZ-9000 Fluorescence Microscope (Keyence, 

Inc., Osaka, Japan). The instrument was equipped with a super-high-compression mercury lamp 

(120 W) and a 2/3-inch, 1.5 mega pixel monochrome CCD. The following fluorescence filters were 

used to take images in different spectral ranges: OP-66834 DAPI-BP (λex = 360/20 nm, λDichro-

ic = 400 nm, λAbsorp = 460/25 nm), OP-66836 GFP-BP (λex = 470/20 nm, λDichroic = 495 nm, λAb-

sorp = 535/25 nm), OP-66838 TexasRed (λex = 560/20 nm, λDichroic = 595 nm, λAbsorp = 630/30 nm). 

Filter specifications are represented as mode wavelength and peak width (λ/FWHM; FWHM = full 

width half max). The spectral characteristics of the microscope filters are illustrated in Fig. 1. 

For microcopy analysis the pollen samples were placed between a specimen holder and a cover 

slide and fixed with one of the two following mounting media: (i) glycerol gelatin (Sigma Aldrich), 

which is an aqueous mounting medium, or (ii) Eukitt® (Sigma Aldrich), which is a polymethacry-

late-based and quickly hardening medium. A small amount of pollen was placed on the specimen 

holder and one drop of the mounting medium was added. Glycerin gelatin was diluted with 

~ 40 %(vol) of water and heated to ~ 60 °C to decrease its viscosity for easy handling. Pollen and 

mounting medium were carefully homogenized with a spatula and a cover slide was placed on top 

of the mixture. After ~ 20 minutes of hardening the samples were used for microcopy analysis. The 

aqueous medium of the glycerol gelatin allows the investigation of pollen grains in a moist state. 

This is due to the fact that dry pollen mounted in contact with glycerol gelatin quickly take up wa-

ter and will thus swell within a matter of minutes before analysis (Reitsma, 1969; Praglowski, 

1970). In contrast, the Eukitt® medium preserves the dry state of the pollen grains. Preparation in 

moist state was applied for most samples, whereas dry state preparation was chosen occasionally as 

outlined in Sect. 3.1. Glycerol gelatin also introduces weak background fluorescence in all three 

channels (mostly in blue), whereas no background was observed for Eukitt®.    

The microscopy investigation was initiated immediately after samples preparation and pollen 

grains were exposed to the excitation radiation for as little time as possible to minimize photo-

bleaching effects. The exposure time in all channels was adjusted to a maximum dynamic range by 

increasing the signal to just below the detector saturation threshold. Raw images were processed 

with software: BW Analyzer (Keyence, Inc.) and Adobe Photoshop (Adobe Systems Inc., San Jose, 

CA, USA). Fluorescence overlay images were prepared by merging individual images from three 

fluorescence channels. A histogram equalization was done for all channels by manually adjusting 

the dynamic range between the pixel of maximum brightness and the background which was set to 

black zero level. This procedure corrects for photo-bleaching-related intensity decrease. For low 

background fluorescence levels, this does not change the image’s color balance.  
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Pollen grain sizes and axis aspect ratios in Table 1 were obtained as follows: Under the bright 

field microscope, a certain number of separated and dry pollen grains (50-150) was imaged and 

sizing was performed with the software BW Analyzer. The given diameters are the arithmetic mean 

values for all imaged grains, averaged over grain dimensions in x and y direction. Aspect ratios 

correspond to the measured major and minor axes of the pollen. Note that the orientation of indi-

vidual grains on the specimen slide is not uniform and that the given aspect ratios are therefore ap-

proximations. 

 

2.3 Fluorescence spectroscopy 

Fluorescence spectra were recorded on a LS 45 Luminescence Spectrometer (Perkin Elmer, Inc., 

Waltham, MA, USA) and a detailed instrument description is given in our part I paper (Pöhlker et 

al., 2012). EEMs are measured in a spectral area of 220-650/270-700 nm (∆λex/∆λem) which covers 

most biofluorophores relevant to atmospheric PBAP and the detection ranges of most LIF bioaero-

sols detectors (Pöhlker et al., 2012). Figure 1 displays a conceptional overview-EEM illustrating 

the spectral realm of interest, elastic scattering interferences, and instrumental parameters. The dry 

pollen samples were analyzed with a Front Surface Accessory (Perkin Elmer, Inc.). Several milli-

grams of powder were placed onto the sample holder as homogeneous and thin layer. The resulting 

EEMs are processed and normalized as described in part I.     

 

2.4 Principal component analysis  

Principal component analysis (PCA) was used as a statistical tool to visualize taxonomic trends in 

pollen autofluorescence. PCA was performed using Origin 8.6 (OriginLab Corp., Northampton, 

Ma, USA) based on fluorescence spectroscopy data from 25 pollen species (Table 1). The follow-

ing pollen features were used as PCA input data: (i) Intensities of the main fluorescence modes A 

(λex = 280/ ∆λem = 440-460), B (355/440-460), and C (460/510-530). Mode intensities are normal-

ized to total fluorescence intensity. (ii) Total fluorescence intensity, as average of fluorescence 

from modes A - C. (iii) Pollen grains size as given in Table 1.  

 

3 Results and Discussion 

Pollen grains exhibit strong emission of autofluorescent light originating from both, their cytosol 

(intra-cell components) and their complex, multi-layered cell wall (e.g. Asbeck, 1955; Driessen et 

al., 1989; Castro et al., 2010). The natural fluorescence of pollen has been used as a valuable tool 

for quick and non-invasive in situ analyses of fresh and fossil pollen in diverse scientific fields, 

such as atmospheric science (e.g. Ronneberger et al., 2002; Mitsumoto et al., 2010; Pan et al., 

2011), geology and palynology (e.g. Phillips, 1972; Yeloff and Hunt, 2005), as well as plant physi-

ology and botany (e.g. Roshchina, 2003; Roshchina, 2008; Grienenberger et al., 2009; Roshchina, 

2012). The following sections characterize the autofluorescence of native pollen using fluorescence 

microscopy and spectroscopy.  
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3.1 Fluorescence microscopy 

Common white light (or bright field) microscopy is an important and wide-spread technique for 

pollen characterization and counting (i.e. for routine pollen monitoring), and therefore a large body 

of pollen-related microscopy data2 is available. Fluorescence microscopy, in contrast, has been ap-

plied only occasionally for the characterization of pollen. In addition to size and shape, it provides 

information about surface texture and internal structures as well as spectral properties (e.g. Asbeck, 

1955; Driessen et al., 1989; Ronneberger et al., 2002; Roshchina et al., 2004; Scharring et al., 2006; 

Mitsumoto et al., 2009; Castro et al., 2010). Morphologically, it allows to localize the cellular 

origin and to estimate the relative contributions of fluorescence emission from different cellular 

regions (i.e. cell wall, organelles, cytosol). It also provides spectroscopic information about the 

predominant excitation and emission ranges and allows a pollen classification based on specific 

emission intensity ratios (Mitsumoto et al., 2009; Castro et al., 2010; Mitsumoto et al., 2010). 

Analyses utilizing micro-spectroscopic approaches even allow the analysis of fluorescence spectra 

for single pollen grains (e.g. Roshchina et al., 2004).   

Previous studies have reported that the complex and multilayered pollen cell wall (sporoderm) 

is the main origin of pollen autofluorescence (e.g. Driessen et al., 1989; Roshchina et al., 1997; 

Grienenberger et al., 2009; Castro et al., 2010). The sporoderm is a unique feature of pollen and 

generally consists of two components: exine and intine. The intine forms the internal part of the 

sporoderm; it comprises cellulose and related compounds and it is chemically similar to the primary 

cell wall of plants (Bedinger et al., 1994). The exine is a chemically and morphologically unique 

biopolymer and comprises the outermost layer of the sporoderm showing a species-specific sculp-

tured morphology (Brooks and Shaw, 1978; Scott, 1994). It consists of the exceptionally resistant 

biopolymer sporopollenin whose complex chemical composition is not fully characterized. Its bio-

synthesis is assumed to be based on a mixture of phenolic, fatty acid and probably carotenoid pre-

cursors (Bedinger et al., 1994). Moreover, the exine is usually coated with an oily substance called 

pollenkitt (up to 10-15% of total pollen mass), containing a mixture of lipids as well as carotenoid, 

flavonoid, and phenolic pigments (Wiermann and Vieth, 1983; Pacini and Hesse, 2005). The com-

plexity of the pollen’s sporoderm reflects the plurality of its functions, such as protection against 

harsh environmental conditions (Boavida et al., 2005), pollen-stigma interaction and recognition 

(Piffanelli et al., 1998), and regulation of the pollen’s hydration state (Dickinson, 1995). One major 

function is UV-light shielding to avoid radiative damage to the DNA and physiological processes in 

the cell (Rozema et al., 2001; Jacobs et al., 2007). The UV-light reduction occurs via light reflec-

tion, absorption as well as fluorescence light conversion from UV to the visible spectral range and 

is mainly based on sporoderm pigments (Hoque and Remus, 1999).   

Figures 2 and 3 show selected fluorescence microscopy images of pollen grains from different 

species. Figure 2 exhibits overview images of 12 selected pollen samples, providing a visual im-

pression of their diverse autofluorescence appearance. Figure 3 focusses on individual grains from 

                                                            
2 http://www.polleninfo.org 
  http://pollen.usda.gov/Light_Micrographs/LMicro.html 
  http://oldweb.geog.berkeley.edu/ProjectsResources/PollenKey/pollen.html 
  http://www.geo.arizona.edu/palynology/nsw/index.html 
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6 species and shows cytological details with the highest resolution accessible for full-field light 

microscopy. Our aim in this fluorescence microscopy section is to highlight intra-cellular autofluo-

rescent structures. We found that pollen in moist state are most appropriate for microscopy analysis, 

because cellular components are thus most visible, and the majority of pollen samples was pre-

pared, accordingly (see Sect. 2.2). In few cases, dry sample preparation was preferred to highlight 

specific morphological aspects. We are aware the water uptake changes the pollen’s morphology 

due to grain swelling (Diehl et al., 2001; Castro et al., 2010; Griffiths et al., 2012). This water ef-

fect has important atmospheric implications, but is beyond the scope of this study. A companion 

paper will address this and other aspects in more detail (Pöhlker et al., 2013).   

In the course of our microscopy analysis, we made the following general observations: (i) 

Grains from all pollen species show fluorescent emission with cell wall and cytosolic contributions 

(e.g. Fig. 2G,H). (ii) The relative emission intensities of individual pollen grains of the same spe-

cies can vary significantly, with fluorescence from few individual grains being much higher than 

the intensity of the majority (e.g. Fig. 2C,L; also Fig. 3E). (iii) Differences in emission wavelengths 

among pollen grains of the same species are common and observable qualitatively as different col-

ors in the fluorescence overlay images (e.g. Fig. 2E,G; also Fig. 3E). (iv) In several cases, the fluo-

rescence overlay images provide a better contrast and “perceptibility” of the pollen microarchitec-

ture (i.e. patterns in the cell wall and internal cytosolic structures) than the corresponding bright-

field images (e.g. Fig. 2I and Fig. 3A,C).  

(i) Our results confirm that the pollen sporoderm contributes substantially to the overall fluo-

rescence emission. As typical examples, the high-resolution images of P. sylvestris, B. fontinalis 

and A. artemisiifolia in Fig. 3A,C,E exhibit a thick exine (~ 1-2 µm) which shows pronounced fluo-

rescence. In these cases, the cell wall fluorescence occurred in the green-to-red spectral range of the 

visible light, however, the diversity of the cell wall appearance is high. In addition, many species 

show fluorescence contributions from other cell parts, such as the cytosol (e.g. Fig. 2G,J; also 

Fig. 3C,D), specific organelles (e.g. Fig. 3A,E), and the air bladders in P. sylvestris (Fig. 3A,B). 

The blue, sometimes red tinted, cytosolic fluorescence is observed for many pollen species. In 

many cases the cytosol emission appears homogeneously distributed (Fig. 2H,K) and for other 

samples contrasts with the embedded non-fluorescent vesicular bodies (e.g. Fig. 3C) which are usu-

ally filled with oils (mostly in entomophilous pollen) or starch (mostly in anemophilous pollen) and 

serve as energy reserve for germination (Piffanelli et al., 1998).  

(ii) Previously, Castro et al. (2010) reported a heterogeneous fluorescence intensity of individu-

al pollen grains and stated that this variability is caused by different hydration states. In our study a 

heterogeneous intensity has been found for several species, in which some pollen grains show 

strongly increased cytosolic fluorescence compared with the majority of grains (i.e. Fig. 2J,L and 

Fig. 3E). Alternatively, differences in metabolic state can also explain this observation. Roshchina 

et al. (1997; 2003) reported a threefold increased intensity for pollen which have lost their viability. 

They further suggested utilizing this relationship as a quick and non-invasive in vivo diagnosis of 

the pollen cell state. Interestingly, a very similar effect has been observed for the fluorescence 
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properties of fungal spores, which also show strongly increased emission intensities for non-viable 

compared to viable cells (Wu and Warren, 1984a, b).  

(iii) In addition, the remarkable differences in emission wavelengths (visible as color differ-

ences) among grains of the same species may also be associated with differences in metabolic and 

maturation state, as reported by Roshchina et al. (2003). Some species show grains with very heter-

ogeneous appearance (e.g. Fig. 2E,G), whereas others reveal more uniform properties (e.g. 

Fig. 2K). Phleum pratense in Fig. 3E represents a characteristic example with highly diverse fluo-

rescence properties among grains which cannot be distinguished in the brightfield image. It has 

been shown that during their development and maturation the fluorescence properties of pollen 

undergo changes due to chemical and physiological transformations of the cell (Roshchina et al., 

1997). Accordingly, the heterogeneity of pollen grains under the fluorescence microscope can be 

regarded as a visible reflection of such metabolic and maturational differences. This aspect is im-

portant for ambient PBAP detection as highlighted by Pinnick et al. (2013) because single particle 

fluorescence may substantially differ from bulk fluorescence of the same material. Accordingly, 

bulk fluorescence spectra, such as the EEMs presented in this study, provide an average characteri-

zation of fluorescent materials, however, differences on the level of individual cells (e.g. metabolic 

differences) are smeared.                       

(iv) The images in Fig. 3 are recorded with the maximum resolution of a full-field fluorescence 

microscope. They show individual pollen grains in great detail and allow cytological and histologi-

cal insights. The high contrast of the overlay fluorescence images reveals much more fine features 

of the pollen micro-architecture than the corresponding bright field images. In particular, the pol-

len’s cytosol reveals a complex internal structure with membranes, vacuoles, organelles and non-

fluorescent vesicular bodies. For example, the central spot of bluish-white fluorescence in the cyto-

sol of P. sylvestris probably reveals the location of the (vegetative) nucleus (Fig. 3A). Moreover, in 

Fig. 3B blue fluorescence shows a “foam-like” skeleton inside the air bladders of P. sylvestris and a 

thin red fluorescing membrane around them. In addition, details of the sporoderm are also resolved, 

such as an increased red fluorescence at the aperture in P. sylvestris (Fig. 3A) and a thickened cell 

wall at the apertures of B. fontinalis (Fig. 3C) with strong green fluorescence. Ambrosia artemisi-

ifolia in Fig. 3F represents an interesting example of sporoderm fluorescence with a thick red tinted 

outer layer and a thin internal layer emitting bluish fluorescent light.     

 

3.2 Fluorescence spectroscopy 

The previous section discussed that fluorescence microscopy is a valuable technique to explore the 

morphological autofluorescence properties of individual pollen grains. The following section pro-

vides a spectral characterization of the steady-state autofluorescence properties of pollen and ex-

plains observed spectral signatures by assignment of individual fluorophores. EEMs were recorded 

for 25 different pollen species and Fig. 4 exhibits selected examples (for further EEMs see supple-

mentary Figure S2). Pollen show pronounced fluorescence within a wide spectral range with 

strongest excitation at λex = 220-550 nm and with corresponding emission at λem = 380-600 nm 

(Fig. 4). The presence of multiple distinguishable, but overlapping, modes indicates fluorescent 
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emission mixed from different fluorophores. The general fluorescence mode signature in the EEMs 

appears to be reproducible and characteristic across all analyzed pollen samples, as outlined below, 

suggesting a relatively few, but dominant, fluorophores common across most pollen species.  

Among all dry pollen samples studied, three fluorescence modes appear most prominent: (A) a 

mode at ~ 280/450 nm (λex/λem), (B) a mode at ~ 355/450 nm, and (C) a mode at ~ 460/520 nm. In 

addition to the modes A - C, two further signals at ~ 280/340 nm (D) and at ~ 350-650/675 nm (E) 

were observed for a smaller number of samples. Table 2 provides a summary, including fluoro-

phore assignment, which is discussed in detail in the following paragraphs. As a first, coarse classi-

fication, the 25 pollen samples can be subdivided into two groups: A first group with 10 species, 

each showing a strong mode C with rather weak or even non-detectable modes A and B (e.g. B. 

fontinalis, Fig. 4D; J. nigra, Fig. 4G) and a second group with 15 species, each exhibits clear and 

strong modes A, B, and C (e.g. A. vulgaris, Fig. 4C; L. perenne, Fig. 4H). In addition to the major 

signals, five samples show also mode D which appears for C. betulus (Fig. 4F) as a pronounced 

peak and for other species as a weak shoulder (e.g. P. pratense, Fig. 4I). Six samples show the very 

weak and multimodal signal E (e.g. A. vulgaris; Fig. 4C).  

Based on all EEMs in Fig. 4 and Fig. S2, a general autofluorescence signature for dry and na-

tive pollen was extracted and is shown in Fig. 5A. Here, the red markers represent the maxima of 

all clearly resolved modes in the individual pollen EEMs. The close clustering of the markers in the 

previously defined areas A - E indicates that the measured fluorescence is caused by a similar set of 

fluorescent compounds across the analyzed species. Moreover, a direct comparison with results 

from previous studies (Satterwhite, 1990; Wlodarski et al., 2006; Hill et al., 2009) underlines the 

characteristic clustering, particularly in the areas A - D (Fig. 5A). These results support the idea 

that dry and native pollen show consistent, fingerprint-like fluorescence signatures which can be 

used for fluorophore assignment (Pöhlker et al., 2012). Roshchina et al. (e.g. 1997; 2003; 2004) 

conducted a number of studies to analyze the autofluorescence of pollen and other secretory plant 

cells. Their experiments indicated that pollen fluorescence is dominated by sporoderm fluorophores 

and that phenolics (λem = 440-490 nm), azulenes (λem = 440-460 nm) and carotenoids (λem = 500-

560 nm) constitute the main classes.   

In our experiments, emission at ~ 450 nm (modes A and B; Fig. 5C,D) and ~ 520 nm (mode C; 

Fig. 5B,C) represent the most obvious and reproducible fluorescence features. Fluorophores usually 

show rather sharp and characteristic emission wavelengths, whereas excitation can occur over a 

comparably wide spectral range (Pöhlker et al., 2012). Thus, we assume that the modes A and B are 

caused by the same fluorophore type which is excited over a wide range, but most efficiently at 280 

and 350 nm (Fig. 5F). The emission at 450 nm is consistent with phenolic fluorescence which is 

observed in most plant cell walls (e.g. Harris and Hartley, 1980; Lang et al., 1991; Hutzler et al., 

1998). In addition, various studies, including real-time LIF ambient measurements, reported a simi-

lar and characteristic signal at ~ 450 nm for pollen, confirming its ubiquitous role (Hill et al., 1999; 

Roshchina et al., 2004; Kiselev et al., 2011; O'Connor et al., 2011; Pan et al., 2011). Phenolic com-

pounds represent the most abundant class of secondary plant metabolites in nature and typical sub-

classes in plant tissue and pollen are: (i) hydroxylated cinnamic acid derivatives (e.g. ferulic, caf-
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feic, p-coumaric and chlorogenic acid), (ii) flavonoid compounds (e.g. kaempferol and quercetin), 

and (iii) anthocyanins (e.g. cyanidin, malvidin) (Li et al., 2010; Taiz and Zeiger, 2010). The molec-

ular skeleton of all these compounds comprises closely related conjugated structures of strongly 

oxygen-functionalized phenolic moieties. The structural and electronic similarity across these phe-

nolic subclasses explains similar excitation (i.e. UV-range) and emission (i.e. blue spectral range) 

properties. Many cinnamic acids (i.e. ferulic and caffeic acid) are covalently bound to the cell walls 

(Lichtenthaler and Schweiger, 1998), whereas other phenolic fluorophores (e.g. trihydroxyferuloyl 

spermidine and many flavonoids in the pollen coat) are easily removed by washing (Wiermann and 

Vieth, 1983; Grienenberger et al., 2009). The large diversity of phenolic products in plants suggests 

that the pollen modes A and B are probably based on a mixture of fluorescent phenolic derivatives 

which exhibit similar emission at 450 nm and are “distributed” over a wide excitation range. How-

ever, Lichtenthaler and Schweiger (1998) suggest that among all fluorescent phenolics, ferulic acid 

plays a key role.    

Mode C shows strong emission at ~ 520 nm which is consistent with carotenoid fluorescence 

(Roshchina, 2003). Carotenoid pigments are widespread in nature, such as in plant photosynthesis, 

where they act as light-harvesting pigments (Taiz and Zeiger, 2010). In cell walls (e.g. in pollen) 

they are part of the “natural sunscreen” providing UV-radiation protection and they also act as reac-

tive oxygen species scavengers (Barrell et al., 2010). The pollen sporoderm is known as an accu-

mulation site for carotenoid pigments, such as α- and β-carotene and lutein (e.g. Prahl et al., 1985; 

Kano and Hamaguchi, 2006). Together with flavonoids they cause the typical yellow to orange 

color and their abundance in the pollen coat shows taxonomic specificity (Schulte et al., 2009). The 

reported absorption maximum of carotenoids is located at ~ 480 nm (here λex,max = ~ 460 nm) and 

therefore mode C is inefficiently excited by UV-light (Sufra et al., 1977). Accordingly, dual- or 

multi-wavelength excitation is most appropriate to address the carotenoid and phenolic features of 

pollen fluorescence. In contrast, single-wavelength excitation, usually in the UV-range, misses the 

main peak of the pollen carotenoid emission (compare Fig. 5E). 

In addition to the strong and abundant signals A - C, the modes D (280/340) and E (350-

650/675) occur in some pollen species. The weak mode E is attributed to chlorophyll a (chl a) fluo-

rescence which has been found in pollen previously (O'Connor et al., 2011). The individual chloro-

phyll pigment types (i.e. chl a, chl b, chl c, and chl d) show different fluorescence properties 

(Welschmeyer, 1994; Moberg et al., 2001). For instance, chl a reveals its main emission at 

~ 670 nm whereas chl b emits at ~ 650 nm (French et al., 1956). All of them reveal comparably 

wide excitation ranges (Pöhlker et al., 2012). We found chl a fluorescence in grass and weed pollen 

species (e.g. A. vulgaris, L. perenne), however, at a very low intensity level. One explanation for 

the presence of chlorophyll in pollen is the cytoplasmic inheritance of chloroplast DNA which is 

independent of the nuclear chromosomes and occurs via pollen dispersal for a number of species 

(McCauley et al., 2007; Miko, 2008). Thus, the presence of chloroplasts in the course of paternal 

cytoplasmic gene transmission can explain the presence of chlorophyll in some pollen species (e.g. 

Hipkins et al., 1994). Moreover, it has been shown that the presence of chlorophyll pigments de-

84



 

pends on the pollen maturation state, with higher chlorophyll abundance in immature pollen grains 

(Roshchina, 2003; 2004).  

Mode D is attributed to protein fluorescence which is mainly caused by the amino acid trypto-

phan with emission at 280-295/340-353 nm (Pöhlker et al., 2012). For comparison, Fig. 5A shows 

the emission signals of the proteins bovine serum albumin (BSA) and ovalbumin (OVA) which 

clearly overlap with mode D. Protein autofluorescence is an omnipresent and characteristic feature 

in PBAP and has been observed for many organisms (e.g. Sivaprakasam et al., 2004; Kopczynski et 

al., 2005; Wlodarski et al., 2006; Hill et al., 2009). Furthermore, several bioaerosol detectors are 

designed to selectively excite and detect protein fluorescence (e.g. WIBS; compare Fig. 5D). It is 

therefore, perhaps, somewhat surprising that only one pollen type measured in the dry state (C. bet-

ulus, see Fig. 5D), among all analyzed 25 species, showed a clearly resolved protein mode, despite 

the fact that proteins and enzymes can constitute up to ~ 60% of dry pollen weight (e.g. Roulston 

and Cane, 2000; Andrada and Telleria, 2005). Four grass pollen species (e.g. A. stolonifera and 

L. perenne) also show a shoulder-like signal for mode D, indicating the presence of weak protein 

fluorescence (see Fig. 5D).  

The absence of a clear protein signal can be related to UV-light shielding properties of the pol-

len sporoderm. About 95-99% of the incoming UV-radiation usually does not reach the cytosol 

because of sporoderm reflection (elastic scattering), fluorescence (inelastic scattering) and absorp-

tion (thermal energy dissipation). However, fluorescence and absorption can be regarded as linked 

processes which only differ in the extent the imparted energy is reemitted as radiative versus ther-

mal energy (Lakowicz, 1999). Thus, in pollen grains with highly absorbing sporoderms, proteins 

and coenzymes which are located in the cytoplasm are not accessible to UV-excitation light. So, 

when measuring bulk properties of dry pollen by fluorescence spectroscopy, fluorescence from 

sporoderm pigments dominates EEM features, swamping any contribution from cytosolic fluoro-

phores. In contrast, fluorescence microscopy of single pollen grains has the benefit of spatially re-

solving emission, thus showing the strong fluorescence from cell wall components, while also 

showing fluorescence from the cytosol (Sect. 3.1).  

Carpinus betulus is the only observed exception to this trend because it shows a clear protein 

signal in its EEM (see Fig. 4F). The fluorescence microscopy image of C. betulus pollen in Fig. 6 

provides a potential explanation for this “anomaly”. It can be seen that the larger pollen grains 

(~ 35 µm) which show a yellowish fluorescence occur as agglomerates with many smaller particles 

(~ 4 µm) showing strong bluish fluorescence. The fluorescence microscopic appearance of the larg-

er C. betulus grains resembles the micrographs of other species in Fig. 2. Therefore, we assume that 

the “contaminating” small particles are causing the unusual protein signals on top of the pollen-

related modes in the EEM. The origin and identity of the small adherent particles is unclear. They 

exhibit a biological morphology with a cell wall-like structure which is the main origin of the blue 

emission. A contamination with microorganisms (i.e. bacteria) appears to be unlikely because of 

the comparably large particle size. One explanation would be the presence of many small immature 

pollen grains, associated with the larger and mature ones. It is known that pollen fluorescence 

properties change during grain maturation and, particularly, with increasing contents of carotenoids 
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in the sporoderm (causing green-yellow fluorescence) which is consistent Fig. 6 (Roshchina, 2003). 

However, a detailed investigation of the identity of the adherent particles is beyond the scope of 

this study. It can be concluded that fluorescence from all analyzed pollen species lacks clear cytosol 

contributions (i.e. from proteins) and that the only exception to this general trend exhibits an obvi-

ous, and probably causative, morphological anomaly. This strengthens our hypothesis that the fluo-

rescence signature of pollen is exclusively shaped by a set of light-accessible fluorophores in the 

pollen sporoderm. 

 

3.3 Taxonomic trends in the autofluorescence signature 

The mixtures of secondary plant metabolites in the pollen sporoderm, such as phenolics and flavo-

noids (Bate-Smith, 1962; Molgaard and Ravn, 1988) as well as carotenoids (Schulte et al., 2009) 

show taxonomic specificity. Thus, it is not surprising that the sporoderm-based fluorescence also 

exhibits certain taxonomic trends, as observed in our experiments. The Figures 5B-F illustrate dif-

ferences in fluorescence mode abundance and intensity across pollen species for selected excitation 

(λex = 280, 355, 460 nm; Fig. 5B-D) and emission wavelengths (λem = 450, and 520 nm Fig. 5F,E). 

The following general observations were made: (i) grass pollen belonging to the family Poaceae 

(blue) clearly show the highest intensities for both, the phenolic and carotenoid fluorescence modes 

A - C. This is consistent with studies showing that plant tissue of Poaceae shows particularly high 

contents of phenolic compounds and elevated blue-green fluorescence, compared to other families 

(Lichtenthaler and Schweiger, 1998). (ii) The shrub pollen belonging to the family Asteraceae (red) 

also show comparably high intensities for all modes. (iii) Medium intensities were found for tree 

pollen of Salicaceae (yellow) and shrub pollen of Polygonaceae (cyan). (iv) There is a larger num-

ber of (mostly tree) pollen families (e.g. Betulaceae in green and Oleaceae in violet) which reveal 

low fluorescence intensities in the entire EEM range. In general, the overall intensity level (aver-

aged intensities of modes A - C) is a distinctive feature across pollen families, with grass pollen 

(i.e. Poaceae) fluorescence being highest and tree pollen (e.g. Betulaceae) fluorescence being low-

est. Thus, the intensities of the modes A, B, and C are linked and show a clear positive correlation 

(R = 0.74 - 0.87) (see Fig. S3). However, in addition to this general intensity trend, the relative con-

tributions of the individual modes A - C are variable across pollen families, as outlined in the fol-

lowing paragraph.  

 We utilized principal component analysis (PCA) to visualize general taxonomic trends in pollen 

fluorescence properties, as observed in Fig. 5. PCA reduces complex datasets to fewer dimensions 

and preserves most of the variability. It often provides insights into general underlying structures of 

the dataset in question. Figure 7 displays two PCA bi-plots which illustrate taxonomic trends based 

on fluorescence data only (Fig. 7A) and based on fluorescence data in combination with pollen 

grain size (Fig. 7B) (Sect. 2.4). In Fig. 7A two principal components (PC) span the fluorescence 

variability of all analyzed pollen species and the three eigenvectors shown (total intensity, intensity 

of mode A, and intensity of mode C) represent the main distinctive features. It can be seen that: (i) 

the intensity eigenvector spreads out the pollen species according to their overall fluorescence in-

tensity, with Poaceae being highest, followed by Asteraceae as well as Salicaceae, and Betulaceae 
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being lowest. (ii) The diametric eigenvectors for mode A and mode C spread the pollen according 

to their fluorescence mode patterns. For example, the species J. nigra and B. fontinalis are charac-

terized by a strong fluorescence mode C and the absence of mode A (see Fig. 4D,G). In contrast, B. 

papyrifera exhibits a dominant mode A and a rather weak intensity for mode C (see Fig. 4E). (iii) 

In addition, a certain clustering of species, which belong to the same family, is observed in the bi-

plot, however pollen families are not clearly separated. For comparison, we performed an addition-

al PCA accounting for pollen fluorescence and grains size (Fig. 7B). The eigenvectors for total in-

tensity, intensity of mode A, and average pollen grains size represent the distinctive features. In this 

PCA bi-plot, the previously observed trends are preserved, however, the clustering becomes clearer 

and a better separation of pollen families is obtained.  

 

3.4 Relevance for ambient pollen measurements 

Currently, pollen monitoring and forecasting is still a manual and labor-intensive business based on 

pollen sampling and microscopy analysis. There is common interest in improving the pollen moni-

toring strategy in the direction of automated real-time techniques, which can provide statistically 

reliable and specific pollen measurements. Various approaches from different scientific directions 

are addressing this aspect (e.g. Ronneberger et al., 2002; Scharring et al., 2006; Ranzato et al., 

2007; Skjoth et al., 2013). In the following section, we briefly review and discuss the applicability 

and limitations of autofluorescence-based techniques to real-time pollen analysis, based on the re-

sults of the present and previous studies.  

The extent of selectivity that autofluorescence can provide in PBAP detection is still an open 

question and discussed on three selectivity levels: (i) discrimination between biological and non-

biological particles (e.g. PBAP versus mineral dust), (ii) discrimination among bioaerosol particles 

and their classification into a certain number of meta-classes (e.g. bacteria, fungal spores, algae, 

and pollen), and (iii) identification of specific organisms on family, genus or even species level 

(Hill et al., 1999). It is commonly accepted that autofluorescence can reliably distinguish between 

biological and non-biological particles, in most cases (Pan et al., 2007). On this first level of selec-

tivity, quantification of FBAP and monitoring of its variability in ambient air is feasible, however, 

mostly without information about FBAP identity (e.g. Huffman et al., 2012; Toprak and Schnaiter, 

2013). In this context, single-particle LIF instruments usually rely on the detection of total (spec-

trally undispersed) fluorescence in comparably broad emission bands from one or two excitation 

wavelengths (e.g. Hairston et al., 1997; Foot et al., 2008). On the second level of selectivity, classi-

fication of bioaerosols is desired and has been addressed in many studies (e.g. Hill et al., 1999; 

Pinnick et al., 2004; Pan et al., 2009; Sivaprakasam et al., 2009; Pan et al., 2010). An increase of 

“resolving power” requires recording of a larger array of fluorescence information from single par-

ticles. This can be realized either on the excitation (i.e. multi-wavelength excitation) or on the 

emission axis (i.e. spectral dispersion). Instruments relying on spectrally dispersed fluorescence 

have proven to provide a stable classification of ambient FBAP with distinct spectral signatures 

(e.g. Pan et al., 2009; 2010), but are not commercially available and generally extremely expensive. 

On the third level of selectivity, bioaerosol identification is desired, however, several specialists 
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argue that this is beyond the scope of LIF instruments, with few exceptional cases (Sivaprakasam et 

al., 2004; Pan et al., 2007). This can be explained by the fact that relatively few fluorophores (i.e. 

amino acids and coenzymes) determine the shape of the fluorescence signal of many organisms. 

For instance, a large number of bacterial species exhibits similar and comparably featureless fluo-

rescence spectra and therefore cannot be discriminated (Hill et al., 1999; 2009). Thus, the abun-

dance, diversity and light accessibility of the underlying fluorophores is a crucial and limiting fac-

tor for the selectivity of LIF-based techniques.  

Autofluorescence based, real-time monitoring of pollen clearly requires taxonomic selectivity 

for the detection of a minority population of few allergenic pollen species (approx. 10-20) on top of 

a complex and highly variable aerosol background. Several studies have indicated that the pollen 

fluorescence signal may be sufficiently specific for pollen differentiation (e.g. Willemse, 1972; 

Driessen et al., 1989; Satterwhite, 1997; Butkhuzi et al., 2002; O'Connor et al., 2011). Ronneberger 

et al. (2002) confirmed that offline techniques, such as high-resolution fluorescence microscopy, 

can provide a high pollen recognition rate (> 90 %) based on the 3D fluorescence distribution in-

side the pollen grains. Mitsumoto et al. (2009; 2010) were the first to confirm the online practica-

bility of fluorescence-based pollen recognition for a set of five species. Their experiments are based 

on pollen sizing (via elastic light-scattering) and determining of the ratio of blue (∆λem,blue = 400-

550 nm) to red (∆λem,red = 560-700 nm) fluorescence when excited with UV-light (λex = 350-

380 nm). Their successful pollen discrimination is consistent with Fig. 7, showing a taxonomic 

clustering based on grain size and the ratio of fluorescence modes. Pan et al. (2011) reported the 

online detection of emission wavelength dispersed fluorescence spectra from two excitation wave-

lengths (λex,1 = 263, λex,2 = 351 nm) and showed spectral differences across twelve pollen species. 

Their results are in good agreement with the autofluorescence signature reported here. For instance, 

a dominant peak at ~ 450 nm (phenolics) occurred for the majority of species and additional signals 

at ~ 340 nm (protein) and at ~ 520 nm (carotenoid) are observed occasionally. Figure 5C,D con-

firms that for UV-excitation phenolic fluorescence is predominant. Moreover, the intensities of the 

online spectra reflect the taxonomic trends reported in Fig. 7: species of the families Poaceae (i.e. 

corn, meadow oat) and Asteraceae (e.g. Ragweed) were found to exhibit the highest intensities, 

whereas Betulaceae species (i.e. birch) shows substantially weaker fluorescence. Consequently, the 

results of these initial online LIF measurements and the offline results reported in this study are in 

good agreement. This underlines that offline and online instrumentation is measuring the same pol-

len-specific autofluorescence signature.  

We suggest that our study can support the development and operation of LIF instruments for 

specific pollen monitoring in ambient air. Particularly, Fig. 5 can serve as a roadmap to select the 

most appropriate excitation wavelengths and emission bands, which provide good signal-to-noise 

ratios and the highest level of selectivity. In terms of ambient applicability the following aspects 

can be concluded: (i) Pollen exhibit an autofluorescence fingerprint which is intrinsically different 

from bacteria and fungal spores (Hill et al., 2009), based on the fact that it does not originate from 

proteins and other cytosolic compounds, but rather from cell wall associated fluorophores. This 

enables an autofluorescence-based differentiation of pollen from other PBAP types in the atmos-
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phere, particularly when combined with particle sizing. (ii) Moreover, a classification of different 

pollen species is, in principle, practicable as visualized in Fig. 7. The most distinctive features are 

the overall fluorescence intensity as well as the occurrence and strength of the phenolic mode A 

and the carotenoid mode C. In addition, differences in pollen grain size can support a taxonomic 

discrimination. One remarkable example is the clear separation of grass (Poaceae) and tree pollen 

species (e. g. Betulaceae) in Fig. 7, which both represent important aeroallergens. The separation of 

other pollen families is less clear and the extent of clustering versus overlap has to be addressed in 

further studies. (iii) It has to be kept in mind that the reported EEMs represent bulk spectra, which 

average the specific fluorescence properties of individual pollen grains. The fluorescence micros-

copy analysis in this study has shown a substantial diversity on pollen grain level in terms of fluo-

rescence intensity, intra-cellular fluorophore distribution, and emission wavelength. Therefore, am-

bient applications, which mostly are operated as single particle detectors, have to account for this 

heterogeneity. Another layer of complexity opens up, when the influence of environmental factors 

(e.g. relative humidity or chemical and physical aging) on pollen autofluorescence and morphology 

is taken into account. Such phenomena are beyond the scope of the present study and will be ad-

dressed in a companion paper (Pöhlker et al., 2013).   

 

4.  Conclusions 

This study provides a characterization of the origin, properties, and selectivity of the autofluores-

cence from native pollen. It utilizes fluorescence microscopy and spectroscopy for the analysis of 

27 pollen species. The experimental results are complemented with a synthesis of related literature 

knowledge. We show that full-field fluorescence microscopy is a simple and valuable tool for his-

tological studies on single pollen grains. This allows to explore the intra-cellular distribution of 

intrinsic fluorophores in pollen. We found very diverse morphological fluorescence properties 

across pollen species with fluorescent emission from the cell wall, the cytosol, and certain orga-

nelles. In addition, a remarkable heterogeneity of fluorescence intensity and emission wavelength 

across grains of the same species has been observed. It can be concluded that the fluorescence mi-

cro-architecture of pollen grains is very complex and that maturation and metabolic state likely 

have a strong influence on it. 

Fluorescence spectroscopy was utilized to record EEMs which exhibit a steady-state autofluores-

cence fingerprint of individual pollen species. The EEMs revealed a characteristic and reproducible 

signature of five fluorescence modes across all pollen samples which could be attributed to four 

different fluorophore classes, namely phenolic compounds, carotenoid pigments, proteins and chlo-

rophyll a. The most characteristic fluorescence originates from cell wall associated phenolics 

(λem = ~ 280 and 355 nm/λem = ~ 450 nm) and carotenoids (~ 460/520). Weak chlorophyll a (~ 350-

650/675) and protein (~ 280/340) fluorescence was observed occasionally for certain species. We 

found that the cell wall associated fluorophores are dominating the fluorescence signature of dry 

and native pollen. The abundance of fluorophores in the pollen sporoderm is species-specific, and 

therefore, the sporoderm-related fluorescence signals show certain taxonomic trends. Principal 

component analysis was used to explore the discrimination potential of pollen autofluorescence and 
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revealed a differentiation of pollen on family level. We suggest that the results reported here can 

support the development and application of autofluorescence-based detectors for a specific moni-

toring of allergenic pollen in the atmosphere. In general, our results help to explore the levels of 

selectivity that autofluorescence-based techniques can provide in PBAP analysis. 
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Table A1. List of frequently used acronyms. 

 

Acronym Description 

BP band-pass 

BSA bovine serum albumin 

BWA biological warfare agent 

CCD charge-coupled device 

CCN cloud condensation nuclei 

DAPI 4',6-diamidino-2-phenylindole 

DNA deoxyribonucleic acid 

EEM excitation-emission-matrix 

FBAP fluorescent biological aerosol particles 

FM fluorescence microscopy 

FS fluorescence spectroscopy 

FWHM full width half max 

GFP green fluorescent protein 

IN ice nuclei 

INA ice nucleation activity 

LIF light/laser induced fluorescence 

NF normalization factor 

OVA ovalbumin 

PAH polycyclic aromatic hydrocarbons 

PBAP primary biological aerosol particles 

PC principal component 

PCA principal component analysis 

RNA ribonucleic acid 

UV ultraviolet 

UV-APS ultraviolet aerodynamic particle sizer 

WIBS wide issue bioaerosol sensor 
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Table 1. Overview of pollen species analyzed in this study. Pollen grain diameters obtained from 

[a] product information from pollen vendor Allergon AB, [b] microscopy measurements in this 

study (Sect. 2.2), or [c] database: http://www.polleninfo.org (February 23th 2013) (SD = standard 

deviation). Axis aspect ratios are measured for some species in this study (Sect. 2.2). Last columns 

indicate if fluorescence microscopy (FM) and fluorescence spectroscopy (FS) data for certain spe-

cies are shown in this manuscript. 

 

# 
Name 

Family 
Pollination 

method 

Source/ 

Provider 

Size [µm] 

Mean±SD 

Aspect ratio 

major/minor 

axis 

Analysis 

Latin Common FM FS 

1 Agrostis stolonifera Creeping bentgrass Poaceae anemophilous Allergon AB 23±1 [a] - no yes 

2 Alnus glutinosa Black alder Betulaceae anemophilous Allergon AB 24±2 [a] - no yes 

3 Alnus incana Grey/speckled alder Betulaceae anemophilous Allergon AB 24±1 [a] - no yes 

4 
Ambrosia artemi-

siifolia 
Common ragweed Asteraceae anemophilous 

Polyscience, 

Allergon AB 
21±1 [a] - yes yes 

5 Artemisia tridentata Giant sage/sagebrush Asteraceae anemophilous Sigma Aldrich 21±3 [b] 25/18 yes yes 

6 Artemisia vulgaris Common mugwort Asteraceae anemophilous Allergon AB 
19±1 [a] 

18±2 [b] 
20/17 yes yes 

7 Betula fontinalis Waterbirch Betulaceae anemophilous Sigma Aldrich 27±3 [b] 30/26 yes yes 

8 Betula pendula White birch Betulaceae anemophilous Allergon AB 
24±1 [a] 

24±3 [b] 
26/23 no yes 

9 Brassica napus Rape Brassicaceae entomophilous Allergon AB 28±1 [a] - no yes 

10 
Broussonetia papy-

rifera 
Paper mulberry Moraceae anemophilous 

Thermo scienti-

fic, Polyscience 
12±2 [b] 14/11 yes yes 

11 Carpinus betulus Hornbeam Betulaceae anemophilous Allergon AB 35±2 [a] - yes yes 

12 Corylus avellana Common hazel Betulaceae anemophilous Allergon AB 23±1 [a] - no yes 

13 Cynodon dactylon Bermuda grass Poaceae anemophilous Sigma Aldrich 25±3 [b] 28/24 no yes 

14 Juglans nigra Black walnut Juglandaceae anemophilous Sigma Aldrich 37±4b 41/34 no yes 

15 Lolium perenne Perennial ryegrass Poaceae anemophilous Allergon AB 40±3 [a] - yes yes 

16 
Matricaria chamo-

milla 
Chamomile Asteraceae entomophilous Fresh collection - - yes no 

17 Olea europaea European olive Oleaceae anemophilous Allergon AB 23±1 [a] - no yes 

18 Phleum pratense Timothy grass Poaceae anemophilous Allergon AB 
35±2 [a] 

34±4 [b] 
36/31 ves yes 

19 Pinus sylvestris Scotch pine Pinaceae anemophilous Allergon AB 51±4 [a] - yes yes 

20 Poa pratensis Kentucky bluegrass Poaceae anemophilous Allergon AB 29±2 [a] - no yes 

21 Populus nigra italica Lombardy poplar Salicaceae anemophilous Sigma Aldrich 25±2 [b] 27/24 no yes 

22 Populus tremuloides Aspen Salicaceae anemophilous Sigma Aldrich 26±3 [b] 29/24 yes yes 

23 Quercus robur English oak Fagaceae anemophilous Allergon AB 30±1 [a] - yes yes 

24 Rumex acetosa Common sorrel Polygonaceae anemophilous Allergon AB 19±2 [a] - no yes 

25 Sambucus nigra Elder Adoxaceae entomophilous Fresh collection 18±1 [c] - no yes 

26 Secale cereale Cultivated rye Poaceae anemophilous Sigma Aldrich 48±4 [b] 56/39 yes yes 

27 
Symphoricarpos 

albus 
Common snowberry Caprifoliaceae entomophilous Fresh collection - - yes no 
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Table 2. Summary of fluorescence modes in EEMs of dry and native pollen with wavelength rang-

es and fluorophore assignment. 

 

Fluorescence 

mode 

Maximum (λex / λem) 

[nm] 
Fluorophore 

A ~ 280 / 450 Phenolics 

B ~ 360 / 450 Phenolics 

C ~ 460 / 520 Carotenoids 

D ~ 280 / 340 Protein 

E ~ 350-650 / 675 Chlorophyll a 

  

102



 

 

Figure 1

by elastic (i.e. 

left triangle)

artifact which occurs for all dry samples.

sols detectors UV

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

Instruments spectral specifications: UV

λem = 420

400-600; λ

channels 

ic = 400 nm, 

asRed (λ

to (Pöhlker et al., 2012

1. Conceptual EEM sho

elastic (i.e. Rayleigh

left triangle). Dashed lines indicate weak elastic light scattering, probably due to an

artifact which occurs for all dry samples.

sols detectors UV-APS and WIBS 

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

Instruments spectral specifications: UV

420-575 nm); WIBS (dual

600; λex,2 = 370, λ

 used in this study. Spe

nm, λAbsorp 

asRed (λex = 560/20, λ

Pöhlker et al., 2012

Conceptual EEM sho

Rayleigh) light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an

artifact which occurs for all dry samples.

APS and WIBS 

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

Instruments spectral specifications: UV

nm); WIBS (dual

370, λem,370 = 400

used in this study. Spe

 = 460/25 nm), GFP

560/20, λDichroic = 595, 

Pöhlker et al., 2012; Andrade

Conceptual EEM showing (a) Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an

artifact which occurs for all dry samples. (b) 

APS and WIBS (Hairston et al., 19

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

Instruments spectral specifications: UV-APS (single wavelength 

nm); WIBS (dual-wavelength Xe

400-600). (c)

used in this study. Spectral specifications of filters: DAPI

nm), GFP-BP (

595, λAbsorp 

Andrade-Eiroa et al., 2013

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an

(b) Operational range of commercially available bioaer

Hairston et al., 19

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

APS (single wavelength 

wavelength Xe-lamp excitation, 

(c) Spectral range of three fluorescence microscope

ctral specifications of filters: DAPI

BP (λex = 470/20, 

 = 630/30). For comparison and further informatio

Eiroa et al., 2013). 

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an

Operational range of commercially available bioaer

Hairston et al., 1997; Foot et al., 2008

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

APS (single wavelength 

lamp excitation, 

Spectral range of three fluorescence microscope

ctral specifications of filters: DAPI

470/20, λDichroic

630/30). For comparison and further informatio

 

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an

Operational range of commercially available bioaer

Foot et al., 2008

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

APS (single wavelength laser excitation, 

lamp excitation, λex,1 = 

Spectral range of three fluorescence microscope

ctral specifications of filters: DAPI-BP (λ

Dichroic = 495, λ

630/30). For comparison and further informatio

 

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

Dashed lines indicate weak elastic light scattering, probably due to an 

Operational range of commercially available bioaer

Foot et al., 2008). Length of individual 

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

laser excitation, λ

 280, λem,280

Spectral range of three fluorescence microscope

BP (λex = 360/20

495, λAbsorp = 535/25), Te

630/30). For comparison and further informatio

 

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

 instrumental 

Operational range of commercially available bioaero-

. Length of individual 

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

laser excitation, λex = 355 nm, 

,280 = 310-400, 

Spectral range of three fluorescence microscope (FM)

360/20 nm, λDichr

535/25), Tex-

630/30). For comparison and further information refer 

Fluorescence data area (white), areas strongly influenced 

light scattering (grey diagonal bars), area without meaningful data (upper 

instrumental 

o-

. Length of individual 

lines indicates measured emission band for a certain excitation wavelength shown as sharp line. 

nm, 

400, 

(FM) 

Dichro-

x-

n refer 

103



 

 

Figure 

shown in bright

as overlay 

f

(

mo

pyrifera

perenne

tremuloides

-

in all images

 

 

Figure 2. Overview

shown in bright

as overlay based on

few samples in dry state (see Sect

(B) Phleum 

motic pressure 

pyrifera, moist

perenne, moist

tremuloides,

- only exception is 

in all images

Overview panel with fluore

shown in bright field (left)

based on three fluorescence channe

samples in dry state (see Sect

Phleum pretense, moist

pressure (Pöhlker et al., 2013

moist; (F) Ambrosia artemissifolia

moist; (I ) Artemis

, moist; (L ) 

only exception is A. tridentata 

in all images. 

panel with fluore

(left) and fluorescence mode

three fluorescence channe

samples in dry state (see Sect.

moist; (C) 

Pöhlker et al., 2013

Ambrosia artemissifolia

Artemisia tridentate

) Quercus robur

tridentata with focal plane through upper part of cell wall

panel with fluorescence m

and fluorescence mode

three fluorescence channe

. 2.2). Individual 

Symphoricarpos albus

Pöhlker et al., 2013); (D) 

Ambrosia artemissifolia

tridentate, moist

Quercus robur, moist. All images with focal

with focal plane through upper part of cell wall

 

scence microscopy images 

and fluorescence mode (right)

three fluorescence channels. Most pollen samples are prepared in moist state, 

2.2). Individual images show:

Symphoricarpos albus

) Matricaria chamomilla

Ambrosia artemissifolia, dry; (G

moist; (J) Betula fontinalis

moist. All images with focal

with focal plane through upper part of cell wall

icroscopy images from

(right). Fluorescence mode images are displayed 

Most pollen samples are prepared in moist state, 

images show: (A

Symphoricarpos albus, moist, pollen grains are burst due to o

Matricaria chamomilla

G) Artemisia vulgaris

Betula fontinalis

moist. All images with focal

with focal plane through upper part of cell wall

from 12 selected pollen species, 

. Fluorescence mode images are displayed 

Most pollen samples are prepared in moist state, 

A) Pinus sylvestris

pollen grains are burst due to o

Matricaria chamomilla, dry; (E

Artemisia vulgaris, 

Betula fontinalis, in immersion oil

moist. All images with focal plane through center of grains 

with focal plane through upper part of cell wall

selected pollen species, 

. Fluorescence mode images are displayed 

Most pollen samples are prepared in moist state, 

sylvestris in moist state

pollen grains are burst due to o

E) Broussonetia

, moist; (H

in immersion oil; (K

plane through center of grains 

with focal plane through upper part of cell wall. Scale bar

 

selected pollen species, 

. Fluorescence mode images are displayed 

Most pollen samples are prepared in moist state, 

in moist state; 

pollen grains are burst due to os-

roussonetia pa-

H) Lolium 

K ) Populus 

plane through center of grains 

Scale bar = 30 µm 

104



 

 

Figure 3

fluorescence mode

vestris, moist, 

wall and bluish

focal plane through air bladders

air bladders with thin reddish cell wall around them.

fluorescence from cell wall and

non-fluorescence starch granules.

rescence and thin bluish cell wall

properties without obvious differences in bright

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

cence. Scale bar

3. High resolution

fluorescence mode (

, moist, with f

wall and bluish cytosolic

ocal plane through air bladders

air bladders with thin reddish cell wall around them.

fluorescence from cell wall and

fluorescence starch granules.

rescence and thin bluish cell wall

properties without obvious differences in bright

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

cence. Scale bar = 3

resolution microscopy 

(right). Fluorescence images shown as overlay 

with focal plane through center of

cytosolic emission

ocal plane through air bladders

air bladders with thin reddish cell wall around them.

fluorescence from cell wall and

fluorescence starch granules.

rescence and thin bluish cell wall

properties without obvious differences in bright

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

0 µm in all images

microscopy images of 

. Fluorescence images shown as overlay 

cal plane through center of

emission (i.e. from vegetative 

ocal plane through air bladders highlighting

air bladders with thin reddish cell wall around them.

fluorescence from cell wall and apertures

fluorescence starch granules. (D) Secal

rescence and thin bluish cell wall. (E) Phleum 

properties without obvious differences in bright

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

in all images.   

images of selected pollen species in bright

. Fluorescence images shown as overlay 

cal plane through center of grain

(i.e. from vegetative 

highlighting blue fluorescence from skeleton

air bladders with thin reddish cell wall around them.

apertures. Also blue

Secale cereale, moist, showing 

Phleum pretense

properties without obvious differences in bright field image. 

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

 

selected pollen species in bright

. Fluorescence images shown as overlay 

grain. Image shows red fluores

(i.e. from vegetative nucleus

blue fluorescence from skeleton

air bladders with thin reddish cell wall around them. (C) Betula

blue-to-red cytosolic emission contrasting with 

, moist, showing 

pretense, moist, 

field image. (F

with blue fluorescing intine and red fluorescing exine. Also cytosol and 

selected pollen species in bright

. Fluorescence images shown as overlay of three channels.

Image shows red fluores

). (B) Pinus

blue fluorescence from skeleton

Betula fontinalis

red cytosolic emission contrasting with 

, moist, showing homogeneous cytosolic flu

, moist, highlighting

F) Ambrosia artemisi

with blue fluorescing intine and red fluorescing exine. Also cytosol and strong 

 

selected pollen species in bright field (

three channels. (A

Image shows red fluorescence from cell 

Pinus sylvestris, moist, 

blue fluorescence from skeleton-like structure inside 

fontinalis, moist, showing

red cytosolic emission contrasting with 

homogeneous cytosolic flu

ing diverse 

Ambrosia artemisiifolia

strong organelle fluore

field (left) and 

A) Pinus sy

cence from cell 

, moist, with 

e structure inside 

, moist, showing green 

red cytosolic emission contrasting with 

homogeneous cytosolic fluo-

diverse fluorescence

ifolia, moist, 

organelle fluores-

 

) and 

syl-

cence from cell 

with 

e structure inside 

green 

red cytosolic emission contrasting with 

o-

fluorescence 

, moist, 

s-

105



 

 

Figure 4. 

Intens

are normalized as described in Pöhlker et al. 

each

 

 

Figure 4. Excitation

Intensity color

are normalized as described in Pöhlker et al. 

each panels. EEMs for further 

Excitation-emission

ity color code has been adjusted to fluorescence intensity of individual samples. All EEMs 

are normalized as described in Pöhlker et al. 

panels. EEMs for further 

emission-matrices (

has been adjusted to fluorescence intensity of individual samples. All EEMs 

are normalized as described in Pöhlker et al. 

panels. EEMs for further pollen species can be found in s

matrices (EEMs

has been adjusted to fluorescence intensity of individual samples. All EEMs 

are normalized as described in Pöhlker et al. 

pollen species can be found in s

EEMs) of selected pollen 

has been adjusted to fluorescence intensity of individual samples. All EEMs 

are normalized as described in Pöhlker et al. (2012) and 

pollen species can be found in s

of selected pollen 

has been adjusted to fluorescence intensity of individual samples. All EEMs 

and a normalizati

pollen species can be found in supplementary

of selected pollen species in dry and native state. 

has been adjusted to fluorescence intensity of individual samples. All EEMs 

a normalization factor

upplementary Fig.

in dry and native state. 

has been adjusted to fluorescence intensity of individual samples. All EEMs 

on factor (NF) is reported in

Fig. S2. 

 

in dry and native state. 

has been adjusted to fluorescence intensity of individual samples. All EEMs 

reported in 

106



 

 

Figure 5. 

EEM summarizes spectral locati

study (red markers) and data from 

et al., 2006

Also shown is spectral location of selected pure fluoro

and phenyl

phores, full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

bars (see also Pöhlker et 

selected excitation (

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

common excitation sources for FBAP

filiation of pollen 

cence spectra are

intensity of 

emission bands of LIF detectors UV

 

Figure 5. Overview figure displaying autofluorescence 

EEM summarizes spectral locati

study (red markers) and data from 

et al., 2006; Hill et al., 2009

Also shown is spectral location of selected pure fluoro

phenylcoumarin as phe

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

bars (see also Pöhlker et 

selected excitation (λ

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

common excitation sources for FBAP

of pollen on family level

cence spectra are normalized and therefore intensities can be compared across all species. Note that 

intensity of S. cereal

emission bands of LIF detectors UV

Overview figure displaying autofluorescence 

EEM summarizes spectral locati

study (red markers) and data from 

Hill et al., 2009). 

Also shown is spectral location of selected pure fluoro

coumarin as phenolic proxies;

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

bars (see also Pöhlker et al. (2012

selected excitation (λex = 280, 355, and 460

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

common excitation sources for FBAP

on family level

normalized and therefore intensities can be compared across all species. Note that 

S. cereale is divided by factor 2 in all spectra. Shaded areas in 

emission bands of LIF detectors UV

Overview figure displaying autofluorescence 

EEM summarizes spectral locations of fluor

study (red markers) and data from previous reports

 Location of fluorescence modes A

Also shown is spectral location of selected pure fluoro

nolic proxies;

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

2012)). (B-F

280, 355, and 460

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

common excitation sources for FBAP-detection instru

on family level is represented as color code

normalized and therefore intensities can be compared across all species. Note that 

is divided by factor 2 in all spectra. Shaded areas in 

emission bands of LIF detectors UV-APS and WIBS.

Overview figure displaying autofluorescence 

ons of fluorescence modes for all pollen species analyzed in this 

previous reports (black markers)

Location of fluorescence modes A

Also shown is spectral location of selected pure fluoro

nolic proxies; chlorophyll 

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

F) Normalized two

280, 355, and 460 nm) and emission wavelengths (

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

detection instru

is represented as color code

normalized and therefore intensities can be compared across all species. Note that 

is divided by factor 2 in all spectra. Shaded areas in 

APS and WIBS. 

Overview figure displaying autofluorescence fingerprint

escence modes for all pollen species analyzed in this 

(black markers)

Location of fluorescence modes A

Also shown is spectral location of selected pure fluorophores (proteins BSA and OVA;

chlorophyll b) for direct comparison. For pure fluor

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

) Normalized two-dimensional fluorescence spectra for 

emission wavelengths (

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

detection instruments (Pöhlker et al., 2012

is represented as color code (see legend

normalized and therefore intensities can be compared across all species. Note that 

is divided by factor 2 in all spectra. Shaded areas in 

 

fingerprint of dry and native pollen. (

escence modes for all pollen species analyzed in this 

(black markers) (Satterwhite, 1990

Location of fluorescence modes A - E represented by blue circles.

hores (proteins BSA and OVA;

) for direct comparison. For pure fluor

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

dimensional fluorescence spectra for 

emission wavelengths (λ

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

Pöhlker et al., 2012

(see legend here and Fig. 7

normalized and therefore intensities can be compared across all species. Note that 

is divided by factor 2 in all spectra. Shaded areas in 

of dry and native pollen. (

escence modes for all pollen species analyzed in this 

Satterwhite, 1990

E represented by blue circles.

hores (proteins BSA and OVA;

) for direct comparison. For pure fluor

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

dimensional fluorescence spectra for 

emission wavelengths (λem = 450 and 5

These wavelengths have been chosen because (i) they centrally cross the pollen modes A 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

Pöhlker et al., 2012). Taxonomic a

here and Fig. 7

normalized and therefore intensities can be compared across all species. Note that 

is divided by factor 2 in all spectra. Shaded areas in (C) and (

 

of dry and native pollen. (A

escence modes for all pollen species analyzed in this 

Satterwhite, 1990; Wlodarski 

E represented by blue circles.

hores (proteins BSA and OVA; ferulic acid 

) for direct comparison. For pure fluoro-

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

dimensional fluorescence spectra for 

450 and 520 nm). 

These wavelengths have been chosen because (i) they centrally cross the pollen modes A - E, (ii) 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

Taxonomic af-

here and Fig. 7). Fluores-

normalized and therefore intensities can be compared across all species. Note that 

(D) represent

A) 

escence modes for all pollen species analyzed in this 

Wlodarski 

E represented by blue circles. 

ferulic acid 

o-

full width half maximum (FWHM) of emission signals is shown as horizontal and vertical 

dimensional fluorescence spectra for 

nm). 

E, (ii) 

they cover spectral regions of high biofluorophore density, and (iii) they represent or approximate 

f-

s-

normalized and therefore intensities can be compared across all species. Note that 

represent 

107



 

 

Figure 6.

mode

mersion oil.

particles shown here are representative for entire sample

 

 

Figure 6. Microsco

mode (right

mersion oil.

particles shown here are representative for entire sample

Microscopy images

right). Fluorescence 

mersion oil. Micrographs illustrate small blue fluorescing particles adhering to poll

particles shown here are representative for entire sample

py images of 

. Fluorescence image

Micrographs illustrate small blue fluorescing particles adhering to poll

particles shown here are representative for entire sample

of Carpinus betulus

image shown as overlay of three channels.

Micrographs illustrate small blue fluorescing particles adhering to poll

particles shown here are representative for entire sample

Carpinus betulus pollen in bright 

shown as overlay of three channels.

Micrographs illustrate small blue fluorescing particles adhering to poll

particles shown here are representative for entire sample. 

pollen in bright 

shown as overlay of three channels.

Micrographs illustrate small blue fluorescing particles adhering to poll

. Scale bar =

pollen in bright field (left

shown as overlay of three channels. Pollen are prepared in i

Micrographs illustrate small blue fluorescing particles adhering to poll

= 30 µm. 

left) and fluorescence

Pollen are prepared in i

Micrographs illustrate small blue fluorescing particles adhering to pollen grains. Small 

 

 

) and fluorescence 

Pollen are prepared in im-

en grains. Small 

 

108



 

 

Figure 7

autofluorescence. 

Eigenvectors (red arrows) represent intensities of modes A

most distinctive features. (

and grain size. Eigen

Figure 7. Results of p

autofluorescence. (A

Eigenvectors (red arrows) represent intensities of modes A

most distinctive features. (

and grain size. Eigen

Results of principal component analysis (PCA)

A) Bi-plot with scores of PCA

Eigenvectors (red arrows) represent intensities of modes A

most distinctive features. (B) Bi

and grain size. Eigenvectors represent intensity of mode

rincipal component analysis (PCA)

with scores of PCA

Eigenvectors (red arrows) represent intensities of modes A

Bi-plot with scores of PCA based on pollen fluorescence properties 

vectors represent intensity of mode

rincipal component analysis (PCA)

with scores of PCA based on 

Eigenvectors (red arrows) represent intensities of modes A

plot with scores of PCA based on pollen fluorescence properties 

vectors represent intensity of mode

 

rincipal component analysis (PCA) illustrat

based on pol

Eigenvectors (red arrows) represent intensities of modes A and C

plot with scores of PCA based on pollen fluorescence properties 

vectors represent intensity of mode A, total intensity level, and grain size.

illustrating taxonomic trends in pollen 

pollen fluorescence

C, as well as

plot with scores of PCA based on pollen fluorescence properties 

, total intensity level, and grain size.

 

taxonomic trends in pollen 

fluorescence propertie

as well as total intensity level

plot with scores of PCA based on pollen fluorescence properties 

, total intensity level, and grain size.

taxonomic trends in pollen 

properties only

total intensity level, as 

plot with scores of PCA based on pollen fluorescence properties 

, total intensity level, and grain size.  

taxonomic trends in pollen 

s only. 

as 

plot with scores of PCA based on pollen fluorescence properties 

109



 

Supporting Online Material  

 

Autofluorescence of atmospheric bioaerosols –  

the spectral fingerprint and taxonomic trends of native pollen  

 

 

 

Christopher Pöhlker1*, J. Alex Huffman2*, Jan-David Förster1, and Ulrich Pöschl1 

 

 

 

 

 

1Max Planck Institute for Chemistry, Biogeochemistry Department, P.O. Box 3060, D-55020    

Mainz, Germany 

 
2University of Denver, Department of Chemistry and Biochemistry, 2190 E. Illif, Denver, Colorado 

80208, USA  

 

 

 
*Corresponding authors: a.huffman@mpic.de, c.pohlker@mpic.de 

 

 

 

Keywords: Autofluorescence, bioaerosols, pollen, excitation-emission-matrix, fluorescence spec-

troscopy, fluorescence microscopy 

  

110



 

Supporting 

 

 

Figure S1.

chased from Thermo Scientific (

yscience (

irrespective of commercial source. 

Supporting Figures:

Figure S1. Comparison o

chased from Thermo Scientific (

yscience (C) and Allergon AB (

spective of commercial source. 

Figures: 

Comparison of EEMs of pollen purchased from different vendors: 

chased from Thermo Scientific (

) and Allergon AB (

spective of commercial source. 

f EEMs of pollen purchased from different vendors: 

chased from Thermo Scientific (A) and Polyscience (

) and Allergon AB (D). Fluorescence signatures in EEMs are shown to be identical, 

spective of commercial source.  

f EEMs of pollen purchased from different vendors: 

) and Polyscience (

). Fluorescence signatures in EEMs are shown to be identical, 

f EEMs of pollen purchased from different vendors: 

) and Polyscience (B). A. artimisiifolia 

). Fluorescence signatures in EEMs are shown to be identical, 

f EEMs of pollen purchased from different vendors: 

A. artimisiifolia 

). Fluorescence signatures in EEMs are shown to be identical, 

 

 
f EEMs of pollen purchased from different vendors: B. papyrifera

A. artimisiifolia purchased from Po

). Fluorescence signatures in EEMs are shown to be identical, 

B. papyrifera pur-

purchased from Po

). Fluorescence signatures in EEMs are shown to be identical, 

r-

purchased from Pol-

). Fluorescence signatures in EEMs are shown to be identical, 

111



 

Figure S2.

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

and a normalization factor 

len was treated with acetone for dewaxing after harvest. 

show substantial alterations. 

 

Figure S2. 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

and a normalization factor 

len was treated with acetone for dewaxing after harvest. 

show substantial alterations. 

 Excitation-

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

and a normalization factor 

len was treated with acetone for dewaxing after harvest. 

show substantial alterations. 

-emission-matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

and a normalization factor (NF) is reported in each panels (Sect. 2.3). 

len was treated with acetone for dewaxing after harvest. 

show substantial alterations.  

matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

(NF) is reported in each panels (Sect. 2.3). 

len was treated with acetone for dewaxing after harvest. 

matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

(NF) is reported in each panels (Sect. 2.3). 

len was treated with acetone for dewaxing after harvest. However, the corresponding EEM does not 

matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

(NF) is reported in each panels (Sect. 2.3). 

However, the corresponding EEM does not 

matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

(NF) is reported in each panels (Sect. 2.3). Agrostis stolonifera

However, the corresponding EEM does not 

matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

Agrostis stolonifera

However, the corresponding EEM does not 

 
matrices (EEMs) of pollen in dry and native state. Intensity color 

code has been adjusted to fluorescence intensity of individual samples. All EEMs are normalized 

Agrostis stolonifera (A) pol-

However, the corresponding EEM does not 

112



 

Figure S3.

rescence modes A, B, and

 

Figure S3. Scatter plots showing positive correlatio

rescence modes A, B, and

Scatter plots showing positive correlatio

rescence modes A, B, and C (Fig.

Scatter plots showing positive correlatio

C (Fig. 5). Color code represents pollen families. 

Scatter plots showing positive correlation between fluorescence intensities of main flu

Color code represents pollen families. 

n between fluorescence intensities of main flu

Color code represents pollen families. 

 
n between fluorescence intensities of main flu

Color code represents pollen families. 

n between fluorescence intensities of main flu

Color code represents pollen families.  

n between fluorescence intensities of main fluo-o-

113



 



 

B3.   Huffman et al., Atmos. Chem. Phys. Discuss., 2013 

 

 

High concentrations of biological aerosol particles and ice nuclei during rain. 

 

 

J. Alex Huffman
1
, Christopher Pöhlker

2
, Anthony J. Prenni

3
, Paul J. DeMott

3
, Ryan H. Mason

4
, 

Niall H. Robinson
5
, Janine Fröhlich-Nowoisky

2
, Yutaka Tobo

3
, Viviane R. Després

6
, 

Elvin Garcia
3
, David J. Gochis

7
, Eliza Harris

2
, Isabell Müller-Germann

2
, Cristina Ruzene

2
, Beatrice 

Schmer
2
, Bärbel Sinha

2,8
, Douglas A. Day

9
, Meinrat O. Andreae

2
, Jose-Luis Jimenez

9
, Martin 

Gallagher
5
, Sonia M. Kreidenweis

3
, Allan K. Bertram

4
, and Ulrich Pöschl

2
 

 

 

 

1 University of Denver, Department of Chemistry and Biochemistry, Denver, Colorado, USA 

2 Max Planck Institute for Chemistry, Biogeochemistry Department, Mainz, Germany 

3 Colorado State University, Department of Atmospheric Sciences, Fort Collins, CO, USA 

4 University of British Columbia, Department of Chemistry, Vancouver, BC, Canada 

5 University of Manchester, Centre for Atmospheric Sciences, Manchester, UK 

6 Johannes Gutenberg University, Institute for General Botany, Mainz, Germany 

7 National Center for Atmospheric Research, Boulder, CO, USA 

8 IISER Mohali, Department of Earth and Environmental Science, Manauli, India 

9 University of Colorado, Cooperative Institute for Research in the Environmental Sciences and 

Department of Chemistry and Biochemistry, Boulder, CO, USA 

 

 

 

Atmospheric Chemistry and Physics Discussion 13, 1767-1793, 2013 

 

 

 

  

115



 



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 13, 1767–1793, 2013
www.atmos-chem-phys-discuss.net/13/1767/2013/
doi:10.5194/acpd-13-1767-2013
© Author(s) 2013. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

High concentrations of biological aerosol
particles and ice nuclei during and after
rain
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Abstract

Bioaerosols are relevant for public health and may play an important role in the climate
system, but their atmospheric abundance, properties and sources are not well under-
stood. Here we show that the concentration of airborne biological particles in a forest
ecosystem increases dramatically during rain and that bioparticles are closely corre-5

lated with atmospheric ice nuclei (IN). The greatest increase of bioparticles and IN
occurred in the size range of 2–6 µm, which is characteristic for bacterial aggregates
and fungal spores. By DNA analysis we found high diversities of airborne bacteria
and fungi, including human and plant pathogens (mildew, smut and rust fungi, molds,
Enterobacteraceae, Pseudomonadaceae). In addition to known bacterial and fungal IN10

(Pseudomonas sp., Fusarium sporotrichioides), we discovered two species of IN-active
fungi that were not previously known as biological ice nucleators (Isaria farinosa and
Acremonium implicatum). Our findings suggest that atmospheric bioaerosols, IN and
rainfall are more tightly coupled than previously assumed.

1 Introduction15

Micrometer-sized biological particles suspended in the atmosphere (bioaerosols) are
key elements in the lifecycle of many organisms and ecosystems, and they may in-
fluence the water cycle as cloud condensation and ice nuclei (Morris et al., 2008;
Després et al., 2012). Laboratory studies have shown that certain species of bacte-
ria, fungal spores, and pollen are highly efficient IN (Maki et al., 1974; Diehl et al.,20

2001; Morris et al., 2012), and bioparticles have been detected in clouds, fog, rain,
and snowfall (Christner et al., 2008; Pratt et al., 2009). On a global scale bioaerosols
may be only a minor fraction of the total IN population (Hoose et al., 2010), but re-
gionally bioaerosols could play an important role in the evolution of clouds and precip-
itation (Möhler et al., 2007), especially in pristine regions like the Amazonian rainfor-25

est (Prenni et al., 2009; Pöschl et al., 2010; Pöhlker et al., 2012b). So far, however,
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evidence linking bioaerosols with increases in IN, especially during and following pre-
cipitation, is limited (Bigg and Miles, 1964; Constantinidou et al., 1990; Allitt, 2000), and
there is an apparent disconnect between concentrations of IN active biological parti-
cles commonly found on vegetation and concentrations in the air above them (Garcia
et al., 2012). Airborne bioparticles are also major vectors for human, animal, and plant5

diseases (Pöschl, 2005; Després et al., 2012). Additionally, pollen and spores have
been suggested to enhance asthma, allergies and other respiratory conditions during
thundershowers (Taylor and Jonsson, 2004), but little evidence for a related increase
of bioaerosol concentrations has been reported (Dales et al., 2012).

During the BEACHON-RoMBAS intensive field campaign (http://cires.colorado.10

edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS) we performed comprehen-
sive bioaerosol measurements during summertime in a semi-arid North American pine
forest (20 July to 23 August 2011, Manitou Experimental Forest 35 km northwest of
Colorado Springs, CO, USA, 2370 m a.s.l.). The biological, chemical and physical mea-
surement techniques applied include: online fluorescence detection (ultraviolet aero-15

dynamic particle sizer, UV-APS; waveband integrated bioaerosol sensor, WIBS); scan-
ning electron microscopy (SEM) and epifluorescence microscopy (FM); real-time IN
counting in a continuous flow diffusion chamber (CFDC) and microscopic IN activa-
tion experiments; aerosol filter and impactor sampling; and DNA analysis for biological
speciation. To our knowledge, this study provides the most comprehensive and de-20

tailed data set of time- and size-resolved atmospheric bioaerosol properties available
to date, and is unique in the availability of comprehensive real-time and off-line IN mea-
surement data for comparison.

2 Materials and methods

Aerosol measurements were performed using inlets mounted 1–4 m a.g.l. During rain25

periods, all measurements discussed refer to particles not embedded in rain droplets.
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Below is a brief discussion of materials and methods of sampling and analysis utilized.
Additional details are presented in the Supplement.

2.1 Meteorological and leaf moisture measurements

Precipitation occurrence, rate and microphysical state (i.e. rain versus hail) was mea-
sured using a laser-optical disdrometer (PARticle SIze and VELocity “PARSIVEL” sen-5

sor; OTT Hydromet GmbH, Kempton, Germany). Leaf wetness state was characterized
using a dielectric Leaf Wetness Sensor (LWS; Decagon Devices, Inc.). The LWS de-
tects and provides a relative measure of the water or ice content on or near the sensor
surface (within ∼1 cm) by measuring the dielectric constant of the surface. The sen-
sor outputs a voltage (measured in millivolts, mV) which is directly proportional to the10

amount of water or ice in or near the sensor upper surface.

2.2 Online fluorescence measurements

An ultraviolet aerodynamic particle sizer (UV-APS; TSI Inc. Model 3314, St. Paul,
MN) was utilized for this study following previously described procedures (Huffman
et al., 2012). The instrument provides aerodynamic diameter (Da) of aerosol particles15

in the range of 0.54–19.81 µm and total fluorescence (420–575 nm; non-wavelength-
dispersed) of particles after pulsed excitation (λex =355 nm). Also utilized was the
waveband integrated bioaerosol sensor – model 4 (WIBS4; University of Hertfordshire),
a dual-channel fluorescence spectrometer (Kaye et al., 2005) providing size, asymme-
try, and fluorescence of individual particles. Fluorescence is measured in three emis-20

sion channels after Xe lamp pulses at 280 nm and 370 nm.
A subset of the WIBS4 single particle data (8000 particles) was analyzed using hier-

archical agglomerative cluster analysis using a group average distance metric (Robin-
son et al., 2012). Bioaerosol fluxes were then estimated for each cluster by combining
the concentration gradient with vertical wind speed data (see Supplement for more de-25

tails). Fluorescent particles (Nf) detected by the UV-APS and WIBS can be regarded as
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a lower limit for the abundance of primary biological aerosol particles (Huffman et al.,
2010; Pöhlker et al., 2012a), probing fluorophores such as NAD(P)H, riboflavin, and
tryptophan.

2.3 Filter and impactor aerosol samples

Coarse-mode particles were collected using a variety of filter and impactor sampling5

techniques from two adjacent inlets (4 m above ground), unless otherwise noted. Size-
resolved particle samples were collected using a micro-orifice uniform deposition im-
pactor (MOUDI; MSP model 110-R) at a flow-rate of 30 LPM via a dedicated inlet. Sam-
ples used for offline ice nucleation analysis were collected onto siliconized, hydropho-
bic glass slides (Hampton Research, HR3-2125). Size cuts at each plate are listed in10

the SOM. Total aerosol samples were collected onto glass cover slides (13×13 mm)
coated with a thin layer of high viscosity grease installed in a home-built, single-stage
impactor (Flow-rate 1.2 LPM, D50 cut 0.5 µm). Aerosol samples for electron microscopy
analysis were collected with a stacked filter housing using 12 mm diameter gold-coated
Nuclepore® polycarbonate filters with pore sizes of 2 µm for coarse particles and 0.2 µm15

for fine particles, respectively. Total aerosol samples for DNA analysis were collected
onto 150 mm glass fiber filters (Machery-Nagel, Type MN 85/90, 406015) using a self-
standing high-volume sampler (Digitel DHA-80) operated at 1000 LPM and located
approximately 50 m from the sampling trailer. Size-resolved viable bioparticles were
collected directly into growth media using an Andersen six-stage cascade impactor for20

subsequent DNA analysis of viable organisms.

2.4 Off-line sample analysis

Fluorescence microscopy images were taken on a BZ-9000 Fluorescence Microscope
(Keyence, Inc., Osaka, Japan). The instrument was equipped with a super high-
compression mercury lamp (120 W) and a 2/3-inch, 1.5 mega pixel monochrome CCD.25

DAPI-BP (blue), FBP-BP (green), and TexasRed (red) filters were used. Filter details,
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including wavelength ranges, are detailed in the SOM. Scanning electron microscopy
(SEM) images were acquired using the secondary electron in-lens detector of a high-
performance field emission instrument (LEO 1530 FESEM, EHT 10 keV, WD 9 mm).
The elemental composition of inorganic components was characterized using the Ox-
ford Instruments ultra-thin-window energy-dispersive X-ray (EDX) detector.5

Optimized methods of DNA extraction, amplification, and sequence analysis of the
internal transcribed spacer (ITS) regions were used to determine bacterial and fun-
gal diversity from the high-volume air filter samples (Fröhlich-Nowoisky et al., 2009,
2012). For bacteria, the 16S ribosomal gene was first amplified for taxonomic iden-
tification with primer pairs 9/27f and 1492r under PCRs conditions and then cloned10

and sequenced (Weisburg et al., 1991, 2007). The same primer pair was used for
the bacterial lysates obtained from Andersen sampler culture plates. The primer pair
ITS4Oo and ITS5 (Nikolcheva and Bärlocher, 2004) was used for amplification of Per-
onosporomycetes (formerly Oomycota). Also specific for this study, the ITS regions
from fungal lysates, obtained from the cultivation experiments of Andersen impactor15

samples, were amplified with the primer pair ITS4 and ITS5 (White et al., 1990;
Fröhlich-Nowoisky et al., 2009, 2012). The obtained PCR products were sequenced
using the primer ITS5 and sequence analysis was performed as described previously
(Fröhlich-Nowoisky et al., 2009, 2012). The sequences from the obtained operational
taxonomic units have been deposited in the GenBank database under following ac-20

cession numbers: JX135610–JX136661 (fungi), JX228219–JX228862 (bacteria), and
JQ976038–JQ976273 (Peronosporomycetes).

Fungal and bacterial colonies were picked and cultured in DPY medium (dextrose
10 gL−1, peptone 3 gL−1, yeast extract 0.3 gL−1) in 96-well polypropylene plates and
incubated at 16 ◦C. A 50 µL aliquot of DPY media containing hyphal fragments and25

fungal spores was tested from each well for ice nucleation activity in a temperature
range −12 ◦C to −2 ◦C (Garcia et al., 2012).

Freezing properties of particles collected on hydrophobic MOUDI slides were deter-
mined with an optical microscope and a flow cell with temperature and relative humidity
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control (Dymarska et al., 2006; Iannone et al., 2011). The RH was first set to >100 %
to condense water droplets on the particles. The droplets were grown to approximately
100 µm in diameter, and after droplet growth was completed each droplet contained
between 30 and 100 particles. Then the temperature was decreased at a rate of
10 Kmin−1 until a temperature of −40 ◦C was reached. Progression of ice formation5

was monitored continuously using a camera system.

2.5 Real-time IN detection

A ground-based version of the Colorado State University continuous flow diffusion
chamber (CFDC) (Rogers et al., 2001) was employed for real-time measurements of IN
concentrations. The CFDC permits observation of ice formation on a continuous stream10

of particles at controlled temperatures and humidities. Physical impaction of larger par-
ticles (>2.4 µm) in advance of the CFDC prevents false detection of large particles as
IN. We note that removing these larger particles upstream of the CFDC likely removes
some particles that can potentially serve as IN, however, field data suggests that this
underestimation is normally less than a factor of two under most sampling situations15

(Garcia et al., 2012). Water supersaturated conditions (relative humidity ∼105 % with
respect to water) were typically used for CFDC processing to emphasize ice nucleation
predominantly by a condensation/immersion freezing process (Sullivan et al., 2010).
Ice crystals activated as IN in the CFDC were collected via impaction at the CFDC
outlet (Prenni et al., 2009, 2013; Garcia et al., 2012).20

3 Results and discussion

During the field campaign, we observed frequent transitions between dry background
conditions and rain events. Figure 1 shows characteristic meteorological parameters
and aerosol particle concentrations for seven consecutive days during the campaign
(31 July to 6 August 2011). During dry periods we observed low concentrations of both25

1774

120



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

fluorescent bioparticles (NF,c ≈30 L−1) and total aerosol particles (NT,c ≈300 L−1) in the
supermicrometer size range, as detected by the UV-APS. At the onset of every rain
event, the fluorescent bioparticles exhibited an immediate steep increase by as much
as 60–160 % per minute during the first ten minutes of precipitation (Fig. 1b). The
total concentration of coarse particles (>1 µm), including non-fluorescent material, in-5

creased less dramatically but also substantially (by 10–65 % per minute, Fig. 1c), which
is in contrast to the traditional view of atmospheric aerosol processing that assumes
efficient removal of large aerosol particles by precipitation. Our online measurements,
however, show that the concentration of coarse aerosol particles not embedded in rain
droplets can rapidly rise by factors as high as ∼4 to ∼12 and remain elevated over mul-10

tiple hours, depending on the intensity and duration of the rain event. Heavy downpours
produced a large and extended increase in particle concentration, but even light driz-
zle led to substantial enhancements (up to factor ∼4). The strong increase of total and
biological particle concentrations implies that the precipitation-related enhancements
of particle sources as specified and discussed below were substantially stronger than15

the precipitation-related particle sinks (i.e. precipitation scavenging).
The number fraction of fluorescent bioparticles in total supermicron particles de-

tected by the UV-APS was ∼2–6 % under dry conditions (Fig. 1d). It jumped to ∼20 %
at the onset of rainfall, and it increased further to ∼40 % when humid conditions with
elevated leaf wetness persisted beyond the actual rainfall, which was mostly the case20

during nighttime after strong daytime precipitation (Fig. 1a). The UV-APS, however,
provides only a lower limit proxy for the overall abundance of bioparticles, because it is
designed for online detection of viable bacteria with strong autofluorescence at specific
wavelengths (Huffman et al., 2012; Pöhlker et al., 2012a). Microscopic investigations,
making use of a wider range of wavelengths as well as morphological characteris-25

tics and elemental composition data (FM, SEM), indicate that the relative abundance
of bioparticles in the supermicron size range during rain events (i.e. during or after
rainfall) was as high as 55–80 %. In contrast, mineral dust particles prevailed during
dry periods (70–80 %, Tables 1–2). Figure 2a, b show microscopic images of aerosol
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impactor samples clearly highlighting the contrast between the relatively weak red flu-
orescence from irregularly shaped dust in a sample collected during dry weather and
the intense green and blue fluorescence from cellular structures in a sample collected
during a rain event.

During rainfall the median diameter of fluorescent bioparticles was usually 2–3 µm,5

and the concentration of these particles decayed swiftly after the precipitation had
stopped (Fig. 1e). When humid conditions with elevated leaf wetness persisted be-
yond the actual precipitation, larger fluorescent bioparticles with a median diameter
around 4–6 µm appeared ca. 8 h after the beginning of rainfall and persisted for up
to 12 more hours (Fig. 1e). Statistical cluster analysis of the size, asymmetry, and10

multi-channel fluorescence data recorded with the WIBS instrument confirmed that the
smaller bioparticles enhanced during rainfall were qualitatively different from the larger
ones enhanced after rainfall, implying different sources or physiological states (Pöhlker
et al., 2012a; Robinson et al., 2012).

The 2–3 µm bioparticles present through-out the rainfall are likely bacteria or fungal15

spores released from surrounding vegetation surfaces through mechanical agitation by
raindrops (Faulwetter, 1917; Hirst and Stedman, 1963), which is consistent with the
observed strong initial enhancement at the onset of rain and a less pronounced en-
hancement during continued rainfall and immediately following events (e.g.: 2 August,
Fig. 1a–c). The increase of relative humidity and leaf wetness can also trigger other20

bioparticle emission mechanisms like the active wet ejection of fungal spores (Hirst
and Stedman, 1963; Elbert et al., 2007; Després et al., 2012) or hygroscopic swelling-
induced pollen fragmentation (Taylor et al., 2004; Miguel et al., 2006; Pöhlker et al.,
2013; Pummer et al., 2012). Moreover, bioparticles observed during rainfall may also
have precipitated from clouds in which some of them served either as giant cloud con-25

densation nuclei (GCCN) or ice nuclei contributing to rain formation (Sands et al., 1982;
Morris et al., 2004; Christner et al., 2008; Garcia et al., 2012).

The 4–6 µm bioparticles observed during the humid post-rain periods appear to have
been freshly emitted from active biota growing on wetted terrestrial surfaces near the
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measurement location, e.g. spores ejected by fungi, lichens and other cryptogamic
covers growing on soil, rock and vegetation (Elbert et al., 2007; Elbert et al., 2012).
The attribution of the larger post-rain bioparticles to local sources is consistent with
co-located concentration gradient measurements suggesting a net upward flux of fluo-
rescent bioparticle emission after rainfall (∼50–500 m−2s−1), in range with earlier esti-5

mates of bioparticle emission fluxes (also Lindemann et al., 1982; Elbert et al., 2007;
Burrows et al., 2009; Després et al., 2012).

DNA analyses of aerosol samples collected during the campaign yielded over 5000
sequences that could be attributed to ∼1000 different operational taxonomic units, or
species of bacteria, fungi, and other organisms. The species richness and the fre-10

quency of occurrence of both bacteria and fungi were higher by factors of 2–10 in
aerosol samples collected under wet conditions (periods including rainfall or humid
post-rain periods) than under dry conditions. Similar to other rural continental regions,
most bacterial species were from Proteobacteria, Actinobacteria, Firmicutes and Bac-
teroidetes (Després et al., 2012). Most fungal species were from Basidiomycota (club15

fungi) and Ascomycota (sac fungi; Fröhlich-Nowoisky et al., 2009, 2012). The identified
groups of microorganisms comprise a number of plant pathogens and human allergens
(mildew, smut and rust fungi, molds, Enterobacteraceae, Pseudomonadaceae). These
findings provide a rationale for reported enhancements of asthma and other respiratory
diseases during rain showers (Taylor and Jonsson, 2004; Dales et al., 2012).20

To characterize the ice nucleating ability of aerosol particles during rain events and
dry periods, we present CFDC real-time measurements of IN activity at −25 ◦C for par-
ticles <2.4 µm, as well as microscopic IN activation experiments of samples collected
with a cascade impactor resolving a size range of 0.3–18 µm and a temperature range
of −10 ◦C to −40 ◦C. During rain events, the IN concentrations measured in the CFDC25

were an order of magnitude higher than during dry periods and followed a close linear
correlation with fluorescent bioparticle concentration that was not observed under dry
conditions (Fig. 2e vs. 2f) (Prenni et al., 2013). The microscopic experiments showed
that aerosol samples collected during rain events exhibited the strongest IN activation
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at temperatures above −20 ◦C and sizes around 1.8–5.6 µm (Figs. 3 and S1), which
are common for biological ice nucleators such as bacteria and fungal spores. During
these periods as much as ∼1 % (∼0.5 L−1) of supermicron particles were IN-active at
−15 ◦C (Fig. S2). In contrast, the aerosol samples collected during dry weather and
dominated by dust exhibited the strongest IN activation only below −20 ◦C for all size5

classes (Figs. 3 and S1), and the fraction of supermicron particles IN-active at −15◦ C
was much lower (<10−4), as expected for mineral dust (Möhler et al., 2006; Connolly
et al., 2009; DeMott et al., 2010a; Hoose and Mohler, 2012).

The size distribution of IN that activated at −15 ◦C exhibits a distinct peak in the
range 2–6 µm that coincides with the peak of the size distribution of fluorescent biopar-10

ticles observed during rain events (Fig. 2d). The correlations between IN and FBAP
number concentrations and size distributions (Fig. 2d, f), as well as the temperature
dependence of IN activation (Figs. 3 and S1), suggest that bioparticles account for
the observed increase of IN during rain and that both the 2–3 µm particle mode di-
rectly associated with rainfall and the 4–6 µm particle mode associated with humid15

post-rain periods comprise highly efficient IN. Indeed, IN-active bacteria of the genus
Pseudomonas sp., known to have activation temperatures up to −4 ◦C (Morris et al.,
2004), were found by the combination of cultivation experiments, freezing tests, and
DNA analyses of aerosol samples in the size range of ∼1–4 µm. Using the same com-
bination of tests we also found the fungal species Fusarium sporotrichioides, which is20

known to be IN active at −10 ◦C to −8 ◦C (Richard et al., 1996), and two previously un-
known IN-active fungi from the phylum of Ascomycota: Isaria farinosa and Acremonium
implicatum (Fig. 4). The IN-active fungi were cultivated and produced spores that are
fluorescent, exhibit diameters in the range of 1–4 µm, and induce freezing at −12 ◦C
to −5 ◦C. Overall, the DNA analyses of aerosol samples collected during rain events25

showed higher diversity and frequency of occurrence for bacteria and fungi from groups
that comprise IN active species (Pseudomondaaceae; Sordariomycetes). Identification
of both Pseudomonas sp. and Sordariomycetes directly from IN samples collected us-
ing the CFDC during rain shows conclusively that the biological particles were indeed
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active as ice nuclei. Convective lofting of biological IN active at temperatures of −15 ◦C
and warmer, where ice mass growth rates maximize (Korolev, 2007) and freezing of
larger drops can initiate secondary ice generation (Hallett and Mossop, 1974), may in-
vigorate the glaciation of mixed-phase clouds and thus may strongly contribute to the
formation of precipitation.5

4 Conclusions

Our observations indicate that rainfall can trigger intense bursts of bioparticle emis-
sion and massive enhancements of atmospheric bioaerosol concentrations by an or-
der of magnitude or more, from the onset of precipitation through extended periods of
high surface wetness after the rainfall (up to one day). The strong contrast against low10

background concentrations under dry conditions suggests that the repeated bursts of
bioparticle release during and after rain may play an important role in the spread and
reproduction of microorganisms in certain environments, and may also contribute to
the atmospheric transmission of pathogenic and allergenic agents (Fig. 5). To quantify
these effects, we suggest comprehensive metagenomic analyses and dispersion stud-15

ies of atmospheric bioaerosols contrasting different meteorological conditions. Follow-
up studies in other environments shall elucidate whether the observed rain-related
bioaerosol increase is a common feature of terrestrial ecosystems or specific for the
investigated semi-arid environment.

Three key results of our measurements during rain and dry periods indicate the crit-20

ical and dynamic role of bioaerosols as IN sources that may strongly influence the
evolution of cloud microphysics and precipitation processes: (1) large and closely cor-
related increases of bioparticles and IN during rain events; (2) similar size distribution
patterns of rain-enhanced bioparticles and IN active in the warmest regime of mixed-
phase clouds (≥−15 ◦C); and (3) identification of IN-active bioparticles in aerosol and25

IN samples collected during rain events. Rainfall that triggers bioparticle emission may
seed further precipitation (Bigg and Miles, 1964) by convective lifting of bioparticles into
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clouds where they can serve as IN, inducing cold rain formation (Hallett and Mossop,
1974; Korolev, 2007), or as GCCN, inducing warm rain formation (Möhler et al., 2007;
Pöschl et al., 2010; Després et al., 2012). However, more detailed vertical transport
and vertical profile information about rain-related effects will be critical to understand-
ing what the impact of rain-initiated bioaerosol production could mean at the cloud level5

and for cloud formation. Recent studies suggested that bioaerosols play crucial roles in
the hydrological cycle and evolution of pristine tropical rainforest ecosystems (Prenni
et al., 2009; Pöschl et al., 2010; Pöhlker et al., 2012b). The measurement results of
this study suggest that bioaerosols may also play an important role in mid-latitude semi-
arid forest ecosystems, consistent with the recent observation that biogenic emissions10

significantly impact CCN in the region (Levin et al., 2012). Accordingly, deforestation
and changes in land-use and biodiversity might have a significant influence on the
abundance of IN, the microphysics and dynamics of clouds and precipitation in these
regions, and thus on regional and global climate (DeMott et al., 2010b). In-cloud mea-
surements of aerosol and hydrometeor composition, aerosol- and cloud-resolving pro-15

cess model studies, and earth system model studies capturing potential feedbacks be-
tween the atmosphere and biosphere will be required to further quantify the relevance
of these effects for climate prediction.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/1767/2013/20

acpd-13-1767-2013-supplement.pdf.
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ton, R., Krämer, M., Mangold, A., and Heymsfield, A. J.: Efficiency of the deposition mode ice
nucleation on mineral dust particles, Atmos. Chem. Phys., 6, 3007–3021, doi:10.5194/acp-
6-3007-2006, 2006.
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Pöhlker, C., Huffman, J. A., and Pöschl, U.: Autofluorescence of atmospheric bioaerosols5

– fluorescent biomolecules and potential interferences, Atmos. Meas. Tech., 5, 37–71,
doi:10.5194/amt-5-37-2012, 2012a.
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Pöhlker, C., Huffman, J. A., Förster, J. D., and Pöschl, U.: Autofluorescence of pollen, Atmos.
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Table 1. Number fraction of biological particles and mineral dust particles in aerosol samples
collected during dry periods and rain events. The sample numbers S10, S12, S20, S23 refer to
Nuclepore® filters analyzed by SEM (details specified in Sects. S1.5.1.4 and S1.5.3). The UV-
APS data were averaged over periods matching the filter sample collection times. Fluorescent
biological aerosol particles (FBAP), primary biological aerosol particles (PBAP).

Method (Particles) Dry Rain
S10 S12 S20 S23

UV-APS (FBAP/Total) 0.04 0.06 0.28 0.20
SEM (PBAP/Total) 0.03 0.07 0.78 0.56
SEM (Dust/Total) 0.80 0.76 0.08 0.38
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Table 2. Number fraction of bioparticles on MOUDI stages 4 (3.2–5.6 µm) and 5 (1.8–3.2 µm) of
aerosol samples collected during a dry period (M28) and a rain event (M10). See Supplement
Sect. S1.5.1.1 for sampling dates. Estimates based on fluorescence microscopy.

Dry (M28) Rain (M10)
Stage 4 Stage 5 Stage 4 Stage 5

Number fraction 0.25 0.22 0.79 0.67
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Fig. 1. Time series of measurement data showing repeated bursts of airborne biological par-
ticles with rain events. (A) Measured rainfall (dark blue crosses) and corresponding leaf wet-
ness (light blue trace). (B) Concentrations (L−1) of supermicron fluorescent bioparticles (Nf)
and (C) total (Nt) supermicron particles. (D) Fraction of fluorescent biological to total (Nf/Nt).
(E) Size-resolved fluorescent bioparticle concentrations measured with the UV-APS instrument
(color bar: dNf/dlogDa, L−1). Data are plotted against local time (mountain daylight time, MDT).
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Fig. 2. Contrasting aerosol properties during dry periods and rain events. (A, B) Fluorescence
microscope images of aerosol impactor samples. (C, D) Size distributions of ice nuclei ob-
served at −15 ◦C in microscopic IN activation experiments (bars, left axis) and of fluorescent
bioparticles detected by UV-APS (traces, right axis). (E, F) Number concentrations of ice nuclei
observed at −25 ◦C in CFDC measurements plotted against fluorescent bioparticles detected
by UV-APS (particle diameter <2.4 µm). The displayed linear fits yield R2 correlation coeffi-
cients of (E) 0.003 and (F) 0.88.
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Fig. 3. Size distributions of ice nuclei observed in microscopic IN activation experiments (A) at
−15 ◦C and (B) at −20 ◦C for aerosol impactor samples collected during dry periods and rain
events. (C) Size distribution of bioparticles measured by UV-APS during the same periods. See
Supplement Sect. S1.5.1.1 for sampling dates.
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Fig. 4. Fluorescence microscopy images of fungal spores from lab cultivation of the two fungi
(Ascomycota) with previously unknown IN activity: (A–B) Isaria farinosa, (C–D) Acremonium
implicatum. Left panels show bright-field image and right panels show overlay of red, green,
and blue fluorescence.
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Fig. 5. Coupling and effects of biological aerosol particles and precipitation: rain can enhance
bioparticle emissions (rain splash, active wet discharge, etc.); bioparticles serving as ice nuclei
or giant cloud condensation nuclei (IN/GCCN) can influence the evolution of clouds and pre-
cipitation; deposition of pathogenic and allergenic species can trigger human, animal and plant
diseases.
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Figures S1-S3 31

32

S1 Materials and Methods 33

S1.1 Site and Campaign Description 34

The BEACHON-RoMBAS (Bio-hydro-atmosphere interactions of Energy, Aerosols, Carbon, 35

H2O, Organics and Nitrogen – Rocky Mountain Biogenic Aerosol Study) campaign was a 36

component of the greater BEACHON project sponsored by the National Center for Atmospheric 37

Research (http://cires.colorado.edu/jimenez-group/wiki/index.php/BEACHON-RoMBAS;38

http://web3.acd.ucar.edu/beachon/). BEACHON-RoMBAS brought together a large, 39

interdisciplinary set of scientists to address issues surrounding the biogeochemical cycling of 40

carbon and water at a location representative of the semi-arid Western U.S. The measurements 41

were located in a part of the Manitou Experimental Forest in a semi-arid, montane ponderosa 42

pine zone in the Central Rocky Mountains 35 km northwest of Colorado Springs, Colorado and 43

15 km north of Woodland Park, CO (2370 m elevation, lat. 39°6'0" N, long. 105°5'30" W). All 44

instruments and samplers were sampled from a height of 1 – 4 m above ground from fixed inlets, 45

with the exception of the WIBS, high-volume sampler, and biosamplers (details listed below). 46

47

S1.2 Meteorological and Leaf Moisture Measurements 48

Precipitation occurrence, rate and microphysical state (i.e., rain versus hail) were measured using 49

a laser-optical disdrometer (PARticle SIze and VELocity ‘PARSIVEL’ sensor; OTT Hydromet 50

GmbH, Kempton, Germany). The instrument senses a falling hydrometeor by measuring the 51

magnitude and duration of attenuation of a temporally continuous 2-dimensional laser beam (780 52
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nm) through which the hydrometeor passes. It, therefore, directly detects the presence of falling 53

hydrometeors without the time delay of typical tipping bucket gauges and with greater particle 54

size sensitivity than typical weighing gauges. Particle size is estimated from the magnitude of 55

beam attenuation. Particle fall speed is determined from the duration of beam attenuation while 56

overall precipitation rate and microphysical classification estimates are generated from a 57

combination of the size and fall speed measurements. The sensor detects liquid hydrometeor 58

particles ranging in size from 0.2 to 5 mm in diameter, solid hydrometeors ranging in size from 59

0.2 to 25 mm and provides estimates of particle velocities from 0.2 to 20 m/s. The stated 60

accuracy of liquid precipitation rate estimates is +/- 5%. Only the rainfall rate (mm/hr) is 61

discussed in this text. 62

63

Leaf wetness state was characterized using a dielectric Leaf Wetness Sensor (LWS; Decagon 64

Devices, Inc.). The sensor detects and provides a relative measure of the water or ice content on 65

or near the sensor surface (within ~1 cm) by measuring the dielectric constant of the surface. The 66

sensor outputs a voltage (measured in millivolts, mV) which is directly proportional to the 67

amount of water or ice in or near the sensor upper surface. Attribution of the cause of wetness 68

due to rain or dew formation (i.e. local condensation) is determined by comparing LWS voltage 69

with optical precipitation measurements and by the pattern of voltage readings from the sensor. 70

Sharp increases in the mV signal that are concurrent with precipitation events are characterized 71

as ‘rainfall wetness’ while slowly increasing mV values that are unaccompanied with 72

precipitation events are characterized as dew formation. 73

74
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Other meteorological parameters such as barometric pressure, air temperature, humidity and 75

wind speed and direction were measured using a WXT520 Weather Transmitter (Vaisala, Inc., 76

Helsinki, Finland). The weather transmitter, the disdrometer and the LWS were all located at the 77

Manitou Experimental Forest observatory within 100 m of the rest of the particle measurements 78

described below.79

80

S1.3 UV-APS 81

An ultraviolet aerodynamic particle sizer (UV-APS; TSI Inc. Model 3314, St. Paul, MN) was 82

utilized for this study following the procedure described by Huffman et al. (Huffman et al., 83

2010). Aerodynamic particle diameter (Da) is provided in the range of 0.54 – 19.81 µm by 84

measuring the time of flight between two continuous-wave red (633 nm) He-Ne lasers. Total 85

fluorescence of aerosol particles (non-wavelength-dispersed) in the wavelength range of 420 – 86

575 nm is detected after pulsed excitation by an Nd:YAG laser ( ex = 355 nm). UV-APS number 87

concentrations are reported here as integrated between 1 – 20 µm. Smaller particles are 88

transmitted within the instrument less efficiently and thus should be considered as lower limit 89

values. Aerosol sampling was performed with a volumetric flow of 5 L·min
-1

 (LPM) at ambient 90

pressure and temperature, split within the instrument into a sample flow of 1.0 ± 0.1 LPM and a 91

sheath flow of 4.0 ± 0.1 LPM (pressure difference feedback control). The instrument was 92

controlled and the measurement data were recorded with an external computer connected via 93

serial port using the manufacturer’s Aerosol Instrument Manager software (TSI AIM). 94

Measurements were initiated every 5 minutes and integrated over a sample length of 285 s. Five-95

minute sample measurements were continuously repeated over a period of five weeks from 20 96

July to 23 August, 2011 (35 days) and only briefly interrupted for maintenance procedures 97
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(usually less than 30 minutes per week). The local time (LT) used for data analysis and plotting 98

refers to Mountain Daylight Time (MDT). All times reported here are listed as LT. 99

100

Fluorescent particles (Nf) detected by the UV-APS can be regarded as a lower limit for the 101

abundance of primary biological aerosol particles (Huffman et al., 2010; Pöhlker et al., 2012), 102

utilizing nicotinamide adenine dinucleotide (NADH) and riboflavin as dominant biological 103

fluorophores. The UV-APS instrument sampled air from a 0.75 inch laminar flow inlet from ~4 104

m above ground into a climate-controlled trailer at ground level.105

106

S1.4 WIBS 107

The waveband integrated bioaerosol sensor – model 4 (WIBS4; University of Hertfordshire) is a 108

dual channel single particle fluorescence spectrometer (Kaye et al., 2005; Foot et al., 2008; 109

Gabey et al., 2010). Upon detection of a particle, xenon lamps provide two consecutive pulses of 110

light at 280 nm and 370 nm, in order to stimulate fluorescence of the tryptophan and NADH 111

biofluorophores respectively. The fluorescence of a particle is measured between 310-400 nm 112

(the FL1 channel) and 400-600 nm (the FL2 channel), capturing tryptophan fluorescence, and 113

400-600 nm, capturing NADH fluorescence. This leads to three separate fluorescence channels: 114

FL1_280, FL2_280 and FL2_370. The forward scattering signal of the particle is also measured 115

at four angular offsets using a quadrant photo-multiplier tube. This allows for measurements of 116

size and asymmetry. The WIBS4 model is essentially the same as the WIBS3 model employed 117

by Gabey et al. (2010), but with improved optics and electronics providing a more precise signal. 118

Baseline fluorescence is recorded by regularly measuring the internal fluorescence of the 119

instrument when no particles are present. The increased precision of the model 4 WIBS allows 120
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for the detection of more marginally fluorescent particles than was possible using previous 121

WIBS models. 122

123

The WIBS4 was located on an automated profiling system running up the main measurement 124

tower, which allowed profile measurements to be made between 3 m and 22 m. Profiles 125

consisted of an eight stage profile up, lasting around 45 minutes, and a corresponding continuous 126

profile down, lasting about 3 minutes. The WIBS4 total particle size distribution compared well 127

with a co-sampling Grimm OPC, particularly in the super-micron regime. A subset of the WIBS4 128

single particle data (8000 particles) was analyzed using hierarchical agglomerative cluster 129

analysis using a group average distance metric. This clustering was analyzed in five dimensions 130

which were z-score normalized before analysis: the three fluorescence channels, size, and 131

asymmetry. A suitable solution was assessed by inspecting the coefficient of determination and 132

the root mean squared distance between clusters for each (e.g. Robinson et al., 2011). 133

Concentration time series for each cluster were established by comparing each of the remaining 134

particles to the centroid of each cluster. Each time series was apportioned a fraction of the 135

particles’ count which was inversely proportional to the distance of the particle from each cluster 136

centroid (expressed in number of standard deviations of the centroid). 137

138

Bioaerosol fluxes were estimated for each cluster by combining the concentration gradient with 139

vertical wind speed data using:140

141

Equation S1  142
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143

Where u is the difference between vertical wind speed measurements measured at heights zu1144

and zu2 which are zu apart, and c is the difference in concentrations between two heights which 145

are zc apart (Lindemann et al., 1982). 146

147

S1.5 Filter and Impactor Aerosol Samples 148

S1.5.1 Sample Collection 149

S1.5.1.1  Cascade Aerosol Impactor (MOUDI) 150

Size-resolved particle samples were collected using a micro-orifice uniform deposition impactor 151

(MOUDI; MSP model 110-R) at a flow-rate of 30 LPM via a dedicated inlet. Samples used for 152

offline ice nucleation analysis were collected onto hydrophobic, siliconized glass slides 153

(Hampton Research, HR3-2125). The MOUDI sampler provided aerosol fractionation according 154

to the following aerodynamic diameter size cuts (D50, µm) (Marple et al., 1991):  155

Stage 1  18.0 156

Stage 2  10.0 157

Stage 3  5.6 158

Stage 4  3.2 159

Stage 5  1.8 160

Stage 6  1.0 161

Stage 7  0.56 162

Stage 8  0.32 163

Stage 9  0.18 164

Stage 10 0.10 165
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Stage 11 0.056 166

Stage 1 is typically referred to as the pre-impactor, and stages 2-11 refer to stages in the MOUDI 167

impactor. Because we are interested in large particles we refer to the pre-impactor as Stage 1 and 168

list all stages as 1-11. Thus, the numbering scheme utilized here is shifted lower by one with 169

respect to the common usage for MOUDI samplers. 170

171

MOUDI samples collected at the following times were analyzed by fluorescence microscopy and 172

used for microscopic ice nucleation activation experiments as discussed in the manuscript: 173

M01 (dry period)  7/22 14:29 – 7/23 09:41  (1152 min.) 174

M10 (rain period)  8/2 05:55 – 8/3 05:55   (1440 min.) 175

M26 (rain period)  8/16 20:26 – 8/17 06:32  (606 min.) 176

M27 (dry period)  8/17 06:35 – 8/17 19:46  (791 min.) 177

178

Size distribution of ice nuclei shown in Figure 2C for dry periods are average of samples M1 and 179

M27; Figure 2D for rain periods are average of samples M10 and M26. Corresponding time 180

periods for UV-APS are identical to MOUDI sample periods.181

182

S1.5.1.2 High-volume Sampler 183

Total aerosol samples for DNA analysis were collected onto 150 mm glass fiber filters 184

(Machery-Nagel, Type MN 85/90, 406015) using a self-standing high-volume sampler (Digitel 185

DHA-80) operated at 1000 LPM and located approximately 50 m from the sampling trailer. 186

Filters were pre-baked at 500 
o
C (12 h) to remove any contaminant DNA and stored in pre-baked 187

aluminum bags before and after sampling. 188
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189

S1.5.1.3 Glass Slide Impactor Samples 190

Total aerosol samples were collected onto glass cover slides (13 x 13 mm) using a home-built, 191

single-stage impactor (Flow-rate 1.2 LPM, D50 cut 0.5 µm). The impactor glass substrates were 192

coated with a thin layer of high viscosity grease (Baysilone grase, Bayer, Germany) administered 193

via hexane solution to reduce particle bounce. Single-stage impactor and housing for Nuclepore
®

194

filters (below) sub-sampled from a separate inlet immediately next to MOUDI and UV-APS 195

inlets. 196

197

Glass slide impactor samples collected at the following times are shown in Figures 2A and 2B 198

and discussed in the manuscript: 199

G09 (dry period)  7/31 12:17 – 12:49  (32 min.) 200

G21 (rain period)  8/3 23:56 – 8/4 0:27  (31 min.) 201

202

S1.5.1.4 Nuclepore
®
 Filters 203

Aerosol samples for electron microscopy analysis were collected with a stacked filter housing 204

using 12 mm diameter gold-coated Nuclepore
®
 polycarbonate filters with pore sizes of 2 µm for 205

coarse particles and 0.2 µm for fine particles, respectively. The volume flow through the stacked 206

filter unit was nominally 2.0 LPM. 207

208

Stacked filter samples collected at the following times are discussed in the manuscript: 209

S10 (dry period)  7/31 11:57 – 15:58  (241 min.) 210

S12 (dry period)  7/31 19:58 – 23:55  (237 min.) 211
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S20 (rain period)  8/4 3:52 – 8:04  (252 min.) 212

S23 (rain period)  8/4 16:23 – 20:24  (261 min.) 213

214

S1.5.1.5 Bio-Sampler Impactors 215

Size-resolved viable bioparticles were collected via two types of impactors directly into growth 216

media (flow-rate 28 LPM). Andersen cascade impactors (Graseby Andersen; Atlanta, GA) 217

collect particles onto one of six sequential sample plates designed to collect large particles on 218

upper plates and smaller particles on lower plates. Slit samplers (New Brunswick Scientific Co.; 219

Edison, NJ) collect particles without selection due to sizing, but the collection stage rotates such 220

that particles are deposited in a circular arc to give time resolution of ~2 minutes over the course 221

of a 60 minute sample time. Samplers were placed ~2 m above ground on a piece of wooden 222

fencing that allowed air to pass through the support surface above ground and operated at 28 223

LPM. The surfaces of samplers were sterilized with isopropyl alcohol before each period of 224

collection to remove contaminant organisms. Samplers were operated separately for optimized 225

collection of fungi and bacteria. Fungal growth medium (malt extract medium) was prepared by 226

according to Medelin et al. (Madelin, 1994) with streptomycin (40 units, Sigma Aldrich) and 227

ampicillin (20 units, Fisher Scientific). Bacterial growth medium (Luria Bertani medium; LB) 228

was prepared according to Lighthart and Shaffer (Lighthart and Shaffer, 1995) with 229

cycloheximide (200 µg/mL, Sigma Aldrich). Samples for bacterial analysis were collected for 60 230

minutes, and samples for fungal analysis were collected for 20 minutes. Collection dishes were 231

immediately removed from samplers after each use and placed in an incubator (IncuMax, 232

IC150R) temperature-controlled at 25 
o
C. Fungal colonies were incubated for ~3 days before 233

counting and picking into 20 µl of sterile water. Bacterial colonies were incubated for ~7 days 234
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before counting and picking into sterile water. The picked colonies were lysed at 95 
o
C for 10 235

min. 236

237

S1.5.2 Fluorescence Microscopy 238

Fluorescence microscopy images were taken on a BZ-9000 Fluorescence Microscope (Keyence, 239

Inc., Osaka, Japan). The instrument was equipped with a super high-compression mercury lamp 240

(120 W) and a 2/3-inch, 1.5 mega pixel monochrome CCD. The following fluorescence filters 241

were used to take images in different spectral ranges: OP-66834 DAPI-BP ( ex =360/20 nm, 242

Dichroic =400 nm, Absorp =460/25 nm), OP-66836 GFP-BP ( ex =470/20 nm, Dichroic =495 nm, 243

Absorp =535/25 nm), OP-66838 TexasRed ( ex =560/20 nm, Dichroic =595 nm, Absorp =630/30 244

nm). Filter specifications are represented as wavelength and peak width ( /FWHM). 245

246

In Fig. 2A and 2B an overlay of fluorescent emission from all three fluorescence microscope 247

channels (DAPI, GFP, TexasRed) onto a brightfield image of the same sample area is shown. For 248

comparability the exposure times of the individual fluorescence images in Fig. 2A and 2B were 249

set to the same values. The overlay image Fig. 2B is dominated by “blue-green” fluorescence 250

indicating strong emissions in the DAPI ( ex = ~360 nm, em = ~460 nm) and GFP 251

( ex = ~470 nm, em = ~535 nm) channels. Blue-green fluorescence is characteristic for biological 252

material and mainly originating from protein and coenzyme fluorophores (Pöhlker et al., 2012). 253

In contrast “red-yellow” fluorescence is predominating in the overlay image in Fig. 2A 254

indicating strong emission in the TexasRed channel ( ex = ~560 nm, em = ~630 nm). Red-yellow 255

fluorescence is regarded to be somewhat characteristic/typical for mineral dust (Bozlee et al., 256

2005).257
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258

S1.5.3 SEM 259

Scanning electron microscopy (SEM) images of aerosol particles were acquired using the 260

secondary electron in-lens detector of a high-performance field emission instrument (LEO 1530 261

FESEM, EHT 10 keV, WD 9 mm). The elemental composition of inorganic components was 262

characterized using the Oxford Instruments ultra-thin-window energy-dispersive X-ray (EDX) 263

detector.264

265

The filter samples were scanned using a semi-automated spot counting technique (Sinha et al., 266

2008; Pöschl et al., 2010) at a magnification of 6500 × (pixel size 88.9 nm) for coarse and 19500 267

× (pixel size 29.6 nm) for fine particle filters. Particles located on the predefined equidistant 268

spots of the counting grid were automatically counted, and the recorded data were used to 269

classify the particles according to size, composition, and mixing state. With spot counting, the 270

probability for particles of a certain size and type to be counted is directly proportional to the 2-271

D surface area of the particles and the fraction of the filter surface covered by such particles. 272

This relationship is used to upscale the counting results from the investigated filter area to the 273

total filter area. 274

275

S1.5.4 DNA Analysis of Aerosol Samples 276

To determine fungal diversity from the air filter samples (high-volume sampler, S1.5.1.2) 277

optimized methods of DNA extraction, amplification, and sequence analysis of the internal 278

transcribed spacer (ITS) regions as described in Fröhlich-Nowoisky et al. (2009; 2012) were 279

used. In addition to fungi, the primer pair ITS4Oo and ITS5 (Nikolcheva and Bärlocher, 2004) 280

142



13 

was used for amplification of Peronosporomycetes (formerly Oomycota). Also specific for this 281

study, the internal transcribed spacer regions from fungal lysates, obtained from the cultivation 282

experiments of impactor samples (Anderson Cascade Bio-Sampler Impactors, S1.5.1.5), were 283

amplified with the primer pair ITS4 and ITS5 (White et al., 1990; Fröhlich-Nowoisky et al., 284

2009; Fröhlich-Nowoisky et al., 2012). The obtained PCR products were sequenced using the 285

primer ITS5 and sequence analysis was performed as described in Fröhlich-Nowoisky et al. 286

(2009; 2012). The sequences from the obtained operational taxonomic units have been deposited 287

in the GenBank database under following accession numbers: JX135610 - JX136661 (Fungi) and 288

JQ976038 - JQ976273 (Peronosporomycetes).  289

290

For the determination of bacterial diversity from high-volume aerosol filter samples (see also 291

S.1.5.1.2) DNA was extracted as described by Després et al. (2007). The 16S ribosomal gene 292

was first amplified for taxonomic identification with primer pairs 9/27f and 1492r (Weisburg et 293

al., 1991) with PCRs conditions given by Després et al. (2007), and then cloned and sequenced. 294

The same primer pair was used for the bacterial lysates obtained from Andersen sampler culture 295

plates (Anderson Cascade Bio-Sampler Impactors, S1.5.1.5). Sequences are deposited in the 296

GenBank database under the following accession numbers: JX228219-JX228862. 297

298

S1.5.5 Freezing Tests 299

Fungal and bacterial colonies (Andersen Cascade Bio-Sampler Impactor, S1.5.1.5) were picked 300

and cultured in dextrose-peptone-yeast (DPY) medium (dextrose 10 g/L, peptone 3 g/L, yeast 301

extract 0.3g/L) in 96-well polypropylene plates and incubated at 16 °C. A 50 µl aliquot of the 302

inoculated DPY medium containing hyphal fragments and fungal spores was tested from each 303

143



14 

well for its ice nucleation activity in a temperature range -12 °C to -2 °C. Aliquots were 304

transferred to a fresh, sterile, 96-well polypropylene PCR tray and these were cooled in a thermal 305

cycler (MJ Research, PTC-200). Temperature variation across the head was ± 0.2 °C of the true 306

temperature measured using a thermistor (Bio-Rad, VPT-0300). The cycler was programmed to 307

descend in 0.5 or 1 °C increments to -9.0 °C (the limit of the machine). After a 5 min dwell time 308

at each temperature, the number of frozen wells was counted and the temperature lowered to the 309

next level. Once at -9 °C, the tray was transferred to a 96-well aluminum incubation block 310

(VWR, 13259-260) which had been pre-cooled to ~-12 °C inside a foam box in a freezer. The 311

thermistor was inserted into a side well and after 10 min the block temperature and number of 312

frozen wells was recorded. Aliquots of un-inoculated DPY medium were used as negative 313

controls. Ice active isolates were then cultured on DPY agar and incubated at RT for ~ 3 days. 314

Beside microscopic analysis as described under S1.5.2 hyphal fragments and spores were picked 315

into 20 µl water, lysed at 95 °C for 10 min, and identified by DNA analysis as described above.316

317

S1.6 Microscopic IN Activation Experiments318

Particles were collected on hydrophobic glass slides with a rotating MOUDI, as described above. 319

The freezing properties of particles collected on the slides were then determined with an optical 320

microscope and a flow cell with temperature and relative humidity control. The flow cell and 321

microscope set-up was very similar to the ones used by Iannone et al. (2011) and Dymarska et al. 322

(2006), to determine the ice nucleation properties of fungal spores and soot particles, 323

respectively. 324

325
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In every IN activation experiment, a hydrophobic slide containing particles was located within 326

the flow cell. The RH was first set to > 100% to condense water droplets on the particles. The 327

droplets were grown to approximately 100 µm in diameter, and after droplet growth was 328

completed each droplet contained between 30 and 100 particles. Next, the temperature was 329

decreased at a rate of 10 K/min until a temperature of -40 °C was reached. During the 330

experiment, between 11 and 66 droplets (average 36) were continuously monitored with an 331

optical microscope coupled to a CCD camera. From the images recorded with the CCD camera, 332

the freezing temperatures of the droplets were determined.  333

334

The number of ice nuclei in a freezing experiment, #IN(T), was calculated from the freezing data 335

using the following equation (Vali, 1971): 336

  Equation S2 337

338

where NTotal is the total number of droplets in a freezing experiment and NFrozen(T) is the number 339

of frozen droplets as a function of temperature in a freezing experiment. Equation S2 accounts 340

for the fact that multiple IN can exist in the same droplet (Vali, 1971). The number of ice nuclei 341

per volume of air as a function of temperature, [IN(T)], was calculated using the following 342

equation:343

Equation S3 344

where VolumeAirSampled is the total volume of air sampled by the MOUDI, is345

the total area covered by particles within a MOUDI stage and  is the area 346

monitored with the microscope.  347

348
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In the freezing experiments, a majority of the droplets froze by immersion freezing while a 349

minority froze by contact freezing. Here immersion freezing refers to freezing of droplets by ice 350

nuclei immersed in the liquid droplets, and contact freezing refers to freezing of liquid droplets 351

by contact with neighboring frozen droplets (frozen droplets can grow by vapor transfer and 352

eventually can come in contact with their neighbors). Droplets that froze by contact freezing 353

were not considered when determining NTotal and NFrozen(T) from the freezing data. In addition to 354

immersion freezing and contact freezing, deposition freezing occasionally occurred in the 355

freezing experiments. Here deposition freezing refers to freezing on a particle not immersed in a 356

solution droplet. Deposition freezing was included in the calculations of [IN(T)] by adding the 357

number of deposition freezing events to #IN(T) calculated with Equation S2 above. 358

359

Depending on the experimental conditions, the maximum concentration of ice nuclei, [IN(T)], 360

that can be detected for any given slide (i.e. size interval sampled with the MOUDI) with the 361

microscope freezing technique is roughly 0.6-0.9 L
-1

 depending on the number of droplets 362

condensed in an experiment and the total volume of air sampled by the MOUDI. As a result the 363

maximum concentration of IN determined by the microscope technique is small compared to the 364

maximum concentration determined with the CFDC method mentioned below. 365

366

S1.7 Real-Time Ice Nucleation Measurements with CFDC 367

S1.7.1 IN Measurements  368

A ground-based version of the Colorado State University continuous flow diffusion chamber 369

(CFDC) (Rogers et al., 2001) was employed for real-time measurements of IN concentrations. 370

The CFDC permits observation of ice formation on a continuous stream of particles at controlled 371

146



17 

temperatures and humidities. In the CFDC, sampled air is directed vertically between two 372

concentric ice-coated cylinders held at different temperatures, creating a zone supersaturated 373

with respect to ice in the annular region. The sample air, ~15% of the total flow, is injected 374

between two particle-free sheath flows. As the particles in the sample flow are exposed to ice 375

supersaturations for several seconds, those particles active as IN under the sample temperature 376

and humidity conditions are nucleated and grown to ice crystals larger than a few µm in size. 377

These larger particles are distinguished from small non-IN aerosols by an optical particle counter 378

(OPC) at the outlet of the instrument. Physical impaction of larger aerosols (>2.4 µm) in advance 379

of the CFDC and reduction of humidity conditions to ice saturation in the lower third of the 380

chamber prevent false detection of large CN or cloud drops as ice nuclei. Temperatures (±1°C) 381

and humidities (±3% RH with respect to water maximum uncertainty at -30°C) are well 382

controlled in the instrument. For data used in this study, measurements were made at -25 °C at 383

relative humidity in the range of 103% to 106%. Under these conditions, the CFDC directly 384

measures IN activating by condensation/immersion freezing, and contributions are expected to 385

the IN population from both dust and biological particles (Prenni et al., 2009). For the data in 386

Figures 2E and 2F, particle concentrations were enhanced upstream using an MSP Corporation 387

(Model 4240) aerosol concentrator. Measurements made using the concentrator were corrected to 388

ambient concentrations based on the manufacturer’s specifications for 1 µm particles, corrected 389

slightly for the sampling conditions at Manitou, as determined from direct measurements made 390

approximately every other day. IN number concentrations are reported at standard temperature 391

and pressure (STP; 1 atm and 0 
o
C).392

393
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CFDC measurements were collected at the following times are shown in Figures 2E and 2F E-F 394

and discussed in the manuscript: 395

C01 (rain period)  8/2 10:27 – 17:57  (450 min.) 396

C02 (dry period)  8/17 16:27 – 23:47  (440 min.) 397

398

Periods C01 and C02 correspond to sub-periods during MOUDI samples M10 and M27, 399

respectively. 400

401

S1.7.2 DNA Analysis of IN Samples 402

Ice crystals activated as IN in the CFDC were collected via impaction at the CFDC outlet (Prenni 403

et al., 2009; Garcia et al., 2012). Residual IN were impacted onto a glass slide, which was coated 404

with 5 mL of molecular grade mineral oil (Bio-Rad). DNA was then enzymatically extracted 405

using Proteinase K. The extracted DNA was PCR amplified using the universal 515F and 1391R 406

primers. The presence of biological IN was determined after PCR amplification via acrylamide 407

gel electrophoresis. PCR products were cloned into a plasmid vector using the TOPO TA 408

Cloning Kit® for sequencing (Invitrogen). Each clone was sequenced (Sanger method) and 409

identified via Blast search against the National Center for Biotechnology Information (NCBI) 410

genome database (2).411
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491
492

Figure S1: IN activation curves from microscopic IN activation experiments with size-resolved aerosol samples 493

(MOUDI stages). Upper panels (A,B) for samples collected during rain events, and lower panels (C,D) for samples 494

collected during dry periods. Red traces show Stage 4 (3.2 – 5.6 m), blue traces show Stage 5 (1.8 – 3.2 m), and 495

light green traces show Stage 3, 6, 7 (5.6-10, 1.0-1.8, and 0.56-1.0 m, respectively). See SOM section S1.5.1.1 for 496

sampling dates. 497
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498
499

Figure S2: An estimate of the fraction of particles collected during rain events (M10, M26) that can serve as IN at  500

-15 oC. IN concentrations were calculated from microscopic IN activation experiments and particle concentrations 501

were calculated from UV-APS measurements. See SOM section S1.5.1.1 for sampling dates. Note that the fraction 502

of particles with IN activity is greater than 1 in 1000 for all particles >2 µm and exceeds 1 in 100 for particles >10 503

µm. Exponential curve shown to guide the eye. 504
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Biogenic Potassium Salt Particles
as Seeds for Secondary Organic
Aerosol in the Amazon
Christopher Pöhlker,1* Kenia T. Wiedemann,2,3,4 Bärbel Sinha,5,6 Manabu Shiraiwa,1,7

Sachin S. Gunthe,1,8 Mackenzie Smith,3 Hang Su,1 Paulo Artaxo,2 Qi Chen,3 Yafang Cheng,1

Wolfgang Elbert,1 Mary K. Gilles,9 Arthur L. D. Kilcoyne,10 Ryan C. Moffet,8,11

Markus Weigand,12 Scot T. Martin,3 Ulrich Pöschl,1* Meinrat O. Andreae1

The fine particles serving as cloud condensation nuclei in pristine Amazonian rainforest air
consist mostly of secondary organic aerosol. Their origin is enigmatic, however, because new
particle formation in the atmosphere is not observed. Here, we show that the growth of organic
aerosol particles can be initiated by potassium-salt–rich particles emitted by biota in the rainforest.
These particles act as seeds for the condensation of low- or semi-volatile organic compounds
from the atmospheric gas phase or multiphase oxidation of isoprene and terpenes. Our findings
suggest that the primary emission of biogenic salt particles directly influences the number
concentration of cloud condensation nuclei and affects the microphysics of cloud formation
and precipitation over the rainforest.

O
rganic aerosols are ubiquitous in the at-

mosphere and play important roles in the

climate system. They can cool Earth’s

surface by scattering sunlight or serve as nuclei

for water droplets and ice crystals in clouds and

precipitation. The properties and origin of or-

ganic aerosol particles are, however, still poor-

ly understood, and their effects are among the

largest uncertainties in the current understand-

ing of climate (1–3). For reliable assessment and

control of the human influence on climate, it is

important to understand the natural background

sources of atmospheric aerosols (4). One of the

few continental regions where aerosols can be

studied under near-natural conditions is the

Amazon Basin, which has an aerosol burden

that is mainly driven by an intensive biosphere-

atmosphere interaction (5). Recent investigations

indicate that the fine particles serving as cloud

condensation nuclei (CCN) in pristine Amazonian

rainforest air consist predominantly of secondary

organic aerosol (SOA), formed by oxidation of

volatile organic compounds (VOC) and conden-

sation of low- or semi-volatile oxidation products

(6, 7). The actual mechanism of initial particle

formation, however, remains unclear. In contrast

to other vegetated continental regions, ultrafine

particles with diameters < 30 nm (nucleation

mode particles), which are characteristic for new

particle-formation events in which gaseous spe-

cies condense to form secondary aerosol particles,

are almost never observed in pristine boundary

layer air over the Amazonian rainforest (5, 8).

One possible explanation for the lack of nucle-

ation mode particles in the Amazonian boundary

layer could be that the nucleation and the initial

growth of new particles take place in the free

troposphere, followed by downward transport in

the course of convective overturning (9, 10).

Alternatively, as we suggest here, the secondary

organic material may condense onto preexist-

ing primary particles directly emitted from the

rainforest.

We applied scanning transmission x-ray mi-

croscopy with near-edge x-ray absorption fine

structure analysis (STXM-NEXAFS), scanning

electron microscopy (SEM), and secondary ion

mass spectrometry (NanoSIMS) to determine

the microstructure and chemical composition of

Amazonian organic aerosol particles in the accu-

mulation mode (0.1 to 1 mm diameter). This size

range is most relevant to the activation of cloud

condensation nuclei (6). The aerosol samples were

collected during the wet season (May 2011) at a

remote rainforest site [Amazonian Tall Tower

Observatory (ATTO) site] 150 km northeast of

Manaus, Brazil. The investigated air masses came

with the trade wind circulation from the northeast

and traveled over some 1000 km of mostly pris-

tine tropical rainforest. For comparison, we also

investigated laboratory-generated SOA reference

samples from isoprene and terpene oxidation,

as well as reference samples generated by spray-

drying of pure organic compounds in aqueous

solution (11). We used STXM-NEXAFS for the

determination of elemental and functional group

composition in individual organic aerosol parti-

cles (12, 13) and SEM and NanoSIMS for further

morphological characterization and independent

confirmation of elemental composition.

The Amazonian aerosol samples comprised a

mixture of homogeneous droplets and droplets

containing internal structures that may be indic-

ative of their atmospheric aging history (Fig. 1, A

and B, and fig. S8). The NEXAFS spectra re-

vealed characteristic similarities and differences

between the chemical composition of the Ama-

zonian aerosol and laboratory-generated reference

samples. The terpene SOA reference particles

exhibit a sharp peak representative of carboxylic

acid groups (COOH), as well as shoulders in-

dicating carbonyl groups (C=O) and carbon-

carbon double bonds (C=C), but no pronounced

signal of hydroxy groups (C-OH). Spectra of the

isoprene SOA reference particles show a broad

peak resulting from COOH and C-OH signals of

comparable intensity, a C=O shoulder, and no

C=C signal. Spectra of the carbohydrate reference

particles exhibit a sharp C-OH peak, no COOH

signal, and very weak C=O and C=C shoulders

(Fig. 2A).
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OAmixed
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Fig. 1. Microscopic images of Amazonian organic
aerosol particles. (A and B) STXM images of char-
acteristic OAacid, OAhydroxy, and OAmixed particles in
noontime samples (numbers 8 and 9, table S1). (C)
STXM potassium (K) map showing potassium-salt–
rich particles in a morning sample (no. 10, table
S1) and (D) corresponding SEM image. (E and F)
Magnified SEM images of individual particles with
salt core and organic coating [black frames in (D)].
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In theAmazonian aerosol samples, three chem-

ically distinct types of organic particles could be

assigned to the following categories (Fig. 2A): (i)

OAacid particles exhibited spectra with a pro-

nouncedCOOHpeak similar to those of laboratory-

generated SOA particles from terpene oxidation;

(ii) OAhydroxy particles showed a strong hydroxy

group signal similar to pure carbohydrate parti-

cles; and (iii) OAmixed particles exhibited spectra

resembling a mixture of OAacid and OAhydroxy

spectra. All three particle classes contained var-

iable amounts of potassium. The coexistence of

chemically distinct types of organic particles in-

dicates the influence of different sources and for-

mation mechanisms in the Amazonian boundary

layer. Categories OAacid and OAhydroxy each ac-

counted for about 25% of all particles analyzed in

this study, whereas OAmixed was the most abun-

dant particle type and contributed about 50%.

Previous studies in Amazonia had shown that

terpene- and isoprene-based SOA dominated the

mass of organic aerosol (6, 7, 14), which is con-

sistent with our observation of OAacid, OAhydroxy,

and OAmixed as a mixture of both. In addition to

isoprene and terpene oxidation products, carbo-

hydrates associated with primary particle emis-

sions may also contribute to the observed organic

matter (15, 16).

The most unexpected finding of our study

was the presence of pronounced potassium sig-

nals in the NEXAFS spectra of nearly all an-

alyzed organic particles (Fig. 2B). The potassium

mass fraction is strongly size-dependent and de-

creases from ~20% at volume-equivalent particle

diameters around 0.15 mm down to ~0.3% for

diameters around 1 mm (Fig. 3), with a median

value of 2.6% (11) (supplementary text S1.5).

This observation suggests that small potassium-

salt–rich particles from primary emissions act as

seeds for the condensation of organic material

and that the primary potassium content is diluted

upon particle growth. The occurrence of these

potassium-bearing particles has been confirmed by

a combination of STXM, SEM, and NanoSIMS.

In particular, samples collected during the morn-

ing hours show a high abundance of fine parti-

cles (~0.2 mm) with strong potassium signals and

a low content of organic matter (Fig. 1, C to F,

and fig. S7). The STXM and NanoSIMS results

indicate that the potassium-rich particles also con-

tain substantial quantities of ammonium cations

as well as chloride and sulfate counteranions (11)

(supplementary text S1.7).

Potassium-rich particles, in association with

soot carbon, are an important component of

biomass-burning smoke (17, 18). In our samples,

however, we can exclude biomass burning as a

source of the potassium-rich particles, because

we did not find any particles containing soot car-

bon. Also, there were no fires detected in the

region along the airmass trajectories during our

study period (19, 20). Hence, biogenic emissions

are the only potential source. Earlier investiga-

tions, including online high-resolution time-of-

flight aerosol mass spectrometry (HR-ToF-AMS)

(fig. S12), had already reported substantial amounts

of potassium associated with biogenic submicro-

meter aerosol in the Amazon during the wet

season (21–23). They were not able to relate the

presence of potassium to specific particle types,

but the combination of potassium and sulfur has

been attributed to local biogenic sources (24–26),

which is consistent with the observation of

potassium- and sulfate-rich particles in our study.

The median atmospheric potassium concentra-

tion estimated from our analysis [~50 ng m−3 for

particles in the size range of 0.1 to 1 mm, (11)

supplementary text S1.5] is consistent with pre-

vious measurement results [18 to 220 ng m−3 for

particles <2 mm (16)]. Several studies show that

active biota, such as plants and fungi, can effi-

ciently release salts into the air (15, 16, 27–30).

In particular, the active wet discharge of fungal

spores is accompanied by the emission of aque-

ous droplets that contain potassium, chloride, and

carbohydrates as the main osmolytes (11, 16)

(supplementary text S2.1). STXM and light mi-

crographs of our samples indicate a high abun-

dance of fungal spores in the coarse particle

fraction (>1 mm, fig. S6), which supports the idea

of fungal emissions as a plausible source for the

observed potassium-rich particles.

SEM images show that the biogenic salt par-

ticles in the early morning samples consist of a

strongly electron-scattering salt core embedded

in a thin organic coating (Fig. 1, E and F). How-

ever, potassium salt cores are not present in par-

ticles collected during the daytime. Instead, many

particles show an inorganic microgranular mate-

rial distributed over the entire particle (fig. S8, A

and B). The phase separation observed in our

samples follows the same pattern and depen-

dence on oxygen-to-carbon ratio as reported in

recent studies of liquid-liquid phase separation in

organic and mixed organic-inorganic aerosol par-

ticles (31–33): OAhydroxy particles with high atom-

ic ratios of oxygen to carbon (O:C ≈ 0.9 to 1.0)

showed no phase separation, whereas OAacid and

OAmixed particles with O:C ratios around 0.5 to

0.7 showed internal structures with a COOH-rich

core and a C-OH–rich shell (table S4 and fig. S8).

These observations indicate a pronounced influ-

ence of aqueous processing in deliquesced aerosol

particles and cloud or fog droplets on the growth

and aging of SOA particles, that is, the formation

and evaporation of aqueous droplets in which

multiphase chemical reactions can produce sec-

ondary organic matter and the inorganic salt seeds

can undergo cyclic dissolution and recrystalliza-

tion. SOA formation by multiphase rather than

gas-phase chemistry might also contribute to a

suppression of new particle formation (11) (sup-

plementary text S2.3 and S2.4).
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Fig. 2. (A) NEXAFS spectra of (i) laboratory-generated SOA from terpene and isoprene oxidation; (ii)
glucose as carbohydrate reference compound from spray-drying of aqueous solution; and (iii) OAacid,
OAmixed, and OAhydroxy particles from the Amazon. (B) NEXAFS spectra for Amazonian organic aerosol
particles with different potassium (K) mass fractions. Solid lines and shaded areas represent mean spectra
and standard deviations. Numbers of analyzed particles are given in parentheses. Vertical lines indicate
resonant absorption of organic functional groups and potassium (table S3).
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Of the 77 Amazonian organic aerosol par-

ticles analyzed by STXM-NEXAFS, only 3 con-

tained no detectable amount of potassium (<2 fg).

The near-ubiquitous presence of potassium sug-

gests that biogenic salt particles emitted from

active biota in the rainforest serve as initial seeds

for the condensation of VOC oxidation products.

This mechanism appears to dominate the forma-

tion of SOA particles in the accumulation size

range in pristine Amazonian rainforest air (Fig. 4).

It can explain why new particle formation events

are not observed, even though the aerosol con-

sists largely of secondary organic material formed

from gas-phase precursors (11) (supplementary

text S2.4). Amajor implication is that the number

concentration of atmospheric aerosol particles in

the accumulation size range is partly regulated by

the primary emission of potassium-salt–rich par-

ticles from biota in the rainforest. Compared with

smaller particles in the nucleation and Aitken size

range (<0.1 mm), accumulation mode particles

are by orders of magnitude more frequently acti-

vated as CCN (11) (supplementary text S2.3 and

fig. S11B). Thus, the biological sources and emis-

sion rates of potassium-salt–rich particles have a

direct influence on the initial droplet number and

microphysical evolution of clouds over the rain-

forest, which in turn influence the dynamics of

clouds and precipitation as well as their effects on

the hydrological cycle and climate.

Our findings support the hypothesis that the

Amazonian rainforest ecosystem can be regarded

as a biogeochemical reactor in which the for-

mation of clouds and precipitation in the atmo-

sphere are triggered by particles emitted from the

biosphere. The connection between biogenic par-

ticle emissions and cloud properties in the trop-

ical rainforest ecosystem appears even stronger

and more direct than previously assumed (6, 34).

In view of the large impact of tropical rainforests

on biogeochemistry and climate, the biological

Fig. 4. Sources and processing of organic aerosol in
pristine Amazonian boundary layer air. SOA formation by
photooxidation of VOC and condensation of semi- and low-
volatile organic compounds (SVOC/LVOC) on primary
biological aerosols (PBA) that dominate the coarse particle
fraction (>1 mm) (5, 6) and on biogenic salt particles that
serve as seeds for organic particles dominating the
accumulation size range (0.1 to 1 mm).
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Fig. 3. Size dependence of potassium mass fraction in Amazonian organic aerosol particles. Solid
markers represent data from samples collected in this study (ATTO site, 2011), and open markers
represent additional data from previously collected samples (ZF2 site, 2010) (11). Numbers and arrows
identify individual particles from Fig. 1 (1, F; 2, E; 3 and 5, A; and 4 and 6, B). Shaded area illustrates
idealized dilution of primary potassium content upon particle growth by condensation of secondary
organic material (inverse third-order dependence on particle diameter) (11). Error bars indicate the
estimated uncertainty in calculations of particle size and potassium mass content.
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activity and diversity of particle-emitting orga-

nisms seem likely to play important roles in Earth

history and future global change.
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Radiative Absorption Enhancements
Due to the Mixing State of
Atmospheric Black Carbon
Christopher D. Cappa,1* Timothy B. Onasch,2,3* Paola Massoli,2 Douglas R. Worsnop,2,4

Timothy S. Bates,5 Eben S. Cross,3† Paul Davidovits,3 Jani Hakala,4 Katherine L. Hayden,6

B. Tom Jobson,7 Katheryn R. Kolesar,1 Daniel A. Lack,8,9 Brian M. Lerner,8,9 Shao-Meng Li,6

Daniel Mellon,1‡ Ibraheem Nuaaman,6,10 Jason S. Olfert,11 Tuukka Petäjä,4 Patricia K. Quinn,5

Chen Song,12 R. Subramanian,13 Eric J. Williams,8 Rahul A. Zaveri12

Atmospheric black carbon (BC) warms Earth’s climate, and its reduction has been targeted for
near-term climate change mitigation. Models that include forcing by BC assume internal mixing with
non-BC aerosol components that enhance BC absorption, often by a factor of ~2; such model estimates
have yet to be clearly validated through atmospheric observations. Here, direct in situ measurements
of BC absorption enhancements (Eabs) and mixing state are reported for two California regions. The
observed Eabs is small—6% on average at 532 nm—and increases weakly with photochemical aging.
The Eabs is less than predicted from observationally constrained theoretical calculations, suggesting
that many climate models may overestimate warming by BC. These ambient observations stand in
contrast to laboratory measurements that show substantial Eabs for BC are possible.

B
lack carbon (BC) in the atmosphere has a

strong effect on global and regional cli-

mate, with some estimates suggesting that

the positive (warming) radiative forcing by BC is

second only to CO2 (1), making it an important

near-term climate mitigation target (2, 3). Quan-

tification of the warming caused by BC in global

climate models depends explicitly on the mixing

state assumed for particles (internal versus ex-

ternal) and, for internal mixtures, the assumed

influence of coatings on the magnitude of BC

absorption (4–6). Optical properties of internally

mixed BC-containing particles can be calculated

in various ways, all of which indicate substantially

greater absorption than for an equivalent exter-

nal mixture—the absorption by internally mixed

BC is “enhanced” because the coatings act as a

lens (7). Model estimates of BC radiative forcing

are increased by up to a factor of 2 for internally

versus externally mixed BC (4, 5), and many

models that use external mixtures simply multi-

ply BC absorption by a scaling factor (8) to ac-

count for the theoretical absorption enhancement

(Eabs). However, the magnitude of Eabs has not

been determined for real atmospheric particles

(9, 10), which is crucial as more models describe

aerosol distributions as combinations of internal

and external mixtures (11).

In this study, direct measurements of Eabs

and average mixing state for BC in the atmo-

sphere around California are reported from two

field campaigns: the 2010 CalNex study and

the Carbonaceous Aerosols and Radiative Ef-

fects Study (CARES). The CalNex measure-

ments were made onboard the R/V Atlantis,

whereas the CARES measurements were made

at a ground site in the Sacramento urban area

(fig. S1) (12). Our observations indicate that the

Eabs for ambient particles around large urban

centers do not vary much with photochemical

aging, are significantly less than predicted from

traditional core-shell Mie theory, and are in con-

trast to laboratory experiments, suggesting that

the warming by BC may be overestimated in cli-

mate models. Further, they indicate a role for

absorption by non-BC aerosol components [brown

carbon (BrC)] (13) in urban environments at short

visible wavelengths.
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S1 Materials and Methods 

S1.1 Aerosol sampling

Aerosol samples were collected with a single stage impactor (35) on silicon nitride 

substrates (Si3N4, membrane width 0.5 mm, membrane thickness 100 nm, Silson Ltd, 

Northampton, UK). The volumetric flow through the impactor was 1-1.5 l min
-1

, corresponding 

to a nominal cut-off in the range of 0.5-0.8 µm. On the Si3N4 substrate the majority of particles 

larger than 1 µm was concentrated in a central impaction spot, whereas smaller particles (down to 

0.1 µm) were collected via diffusive deposition around this spot. Regions of diffusive deposition 

have been chosen for STXM analysis because of the relatively high abundance of small particles 

and appropriate particle coverage. The samples were collected 2-2.5 m above ground level. 

Sampling times between 30 to 60 min ensured appropriate particle coverage on the substrates. 

The samples were sealed in air-tight containers, and stored at 4°C and 20-30 % relative humidity 

(RH) in the dark. STXM-NEXAFS analysis was done three weeks, and NanoSIMS and SEM 

analysis four weeks after collection. Several individual particles were investigated with two 

STXM instruments (ALS-STXM 5.3.2.2 in Berkeley and four months later at the MAXYMUS-

STXM in Berlin, Sect. S1.5). The measurements with the two STXM instruments yielded very 

similar NEXAFS spectra for the investigated Amazonian SOA samples, and the quantitative 

analysis gave consistent results.   

S1.2 Amazonian aerosols and sampling locations 

The samples for this study were collected during the wet season on 13 and 14 May 2011 

at a very remote site 150 km NE of the city of Manaus, Brazil, in an untouched forest area 

(Amazonian Tall Tower Observatory (ATTO) site, 2.14336° S, 59.00056° W, 120 m above sea 

level) (Table S1). The sampled air masses came mainly from the northeast across ~1000 km of 

untouched forest areas. Nine-day back trajectories indicated the arrival of air masses from 

northeastern directions, originating over the Atlantic Ocean in the direction of Cape Verde. 

Figure S1 shows back trajectories and the cumulative rainfall during this time, which indicates 

strong wet deposition, and therefore dominance of local and regional aerosol sources. In addition, 

no soot or other combustion released particles were found in STXM-NEXAFS, SEM, and 

NanoSIMS analyses. NEXAFS spectra are particularly sensitive to soot and other combustion 

derived particles that contain a significant amount of aromatic moieties, and therefore, exhibit 
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strong spectral features at 285 eV (36-38). Hence, the samples are thought to be free of 

anthropogenic influences such as biomass burning in the Amazon (19-20) and long-range 

transport of biomass burning emissions from Africa. 

An earlier set of samples had been collected on 15 May 2010 at a remote site 60 km NNW 

of Manaus in Brazil (ZF2 site, 2.59454° S, 60.20929° W, 90 m above sea level) (Table S1). 

Previously, this site (with K34 and TT34 towers) has been used for field measurement campaigns 

such as AMAZE-08 (6-7, 34, 39), whereas the ATTO site was established recently (2011). While 

this study is focused on the samples from the pristine ATTO site, the measurements from the ZF2 

samples have been added as independent confirmation for the size dependence of the potassium 

mass fraction in organic aerosol particles (Fig. 3).   

S1.3 Laboratory generated SOA from the Harvard Environmental Chamber 

The Harvard Environmental Chamber (40) was operated under continuous flow 

conditions to generate particles composed of secondary organic material with ammonium sulfate 

seeds. For all experiments, the chamber relative humidity was 40 %, the temperature was 25°C, 

and ammonium sulfate seed particles were injected. The secondary organic material samples 

were produced by photooxidation of isoprene, dark ozonolysis of -pinene, and dark ozonolysis 

of -caryophyllene. The oxygen-to-carbon ratio (O:C) and mass loading of the secondary organic 

material in the chamber outflow was characterized by an Aerodyne high-resolution time-of-flight 

aerosol mass spectrometer (HR-ToF-AMS) (41). The recent updates of Chen et al. (42) were 

applied in the analysis of O:C. A summary of the experimental conditions can be found in Table 

S2. 

The -pinene and -caryophyllene ozonolysis experiments largely followed the 

procedures detailed in Shilling et al. (43) and Chen et al. (44), respectively. Briefly, a solution of 

-pinene in 2-butanol or -caryophyllene in cyclohexane was continually injected into a gently 

warmed glass bulb using a syringe pump. The solution evaporated in a pure air flow and was 

swept into the chamber. Ozone was generated outside the chamber by passing a pure air flow 

around an ultraviolet light and the resulting flow was injected into the chamber. Within the 

chamber, the reaction of -pinene or -caryophyllene with ozone formed secondary products, and 

those of sufficiently low volatility condensed onto the surfaces of the crystalline seed particles.   
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The generation of isoprene secondary organic material generally followed the method 

described in King et al. (45). One alteration was that for these experiments the ammonium sulfate 

seed particles were deliquesced aqueous droplets. Gas-phase isoprene and hydrogen peroxide 

(H2O2) were injected into the chamber, and isoprene reacted with the OH radicals produced by 

the photolysis of H2O2 by irradiation in the chamber. Some of the products of this reaction were 

of low volatility and partitioned to the seed particles. The laboratory-generated SOA was 

collected by impaction sampling on silicon nitride substrates using a single stage impactor (see. 

Sect. S1.1). 

S1.4 Reference aerosols from pure organic compounds 

The following chemicals, purchased from Sigma Aldrich, were used as reference 

standards: serine, aspartic acid, bovine serum albumin (BSA), glucose, and glucosamine·HCl. 

Chemicals were used without further purification and dissolved in deionized water (Millipore - 

Milli Q plus 185, 18.2  cm). Reference aerosol was generated by spray-drying of the pure 

organic compounds in aqueous solution (1 mmol l
-1

) using a constant output atomizer operated 

with filtered particle-free pressurized air (250 kPa, 3 lpm). The polydisperse aerosol flow was 

dried to a relative humidity of <15 % (silica-gel diffusion dryer). Further, the generated aerosols 

were passed through a radioactive neutralizer (Kr
85

, 74 MBq or 2 mCi) to generate charge 

equilibrium, and then to a differential mobility analyzer (DMA; TSI 3080 electrostatic classifier). 

This facilitated the selection of particles of suitable size for further analysis (0.35-0.6 µm). The 

output from this DMA was split in two for aerosol sampling (1 lpm) and for a condensation 

particle counter (TSI 3786, 0.6 lpm) to monitor particle concentration. The reference aerosols 

were collected by: (i) impaction sampling on Si3N4 substrates using a single stage impactor (see. 

Sect. S1.1) and (ii) electrostatic precipitation on TEM grids (300-mesh copper mesh, 10-15 nm 

carbon coating, Plano GmbH, Wetzlar, DE) using an electrostatic sampler (46). The STXM 

analysis of reference samples on both substrates yielded particle diameters in the expected size 

range, indicating that no particle fragmentation occurred in the course of sampling (i.e. impaction 

on Si3N4 membranes).  
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S1.5 STXM-NEXAFS measurements and data processing 

STXM-NEXAFS analysis was conducted at the Lawrence Berkeley National Laboratory 

Advanced Light Source (LBNL ALS), Berkeley, CA, USA, at beamline 5.3.2.2 and at the 

MAXYMUS beamline (UE46_PGM-2) at BESSY II, Helmholtz-Zentrum, Berlin, Germany. 

  The ALS-STXM instrument is located at the bending magnet beamline 5.3.2.2 at the ALS 

electron storage ring (1.9 GeV, 500 mA stored current in top-off mode) and provides a photon 

flux of ~10
7
 s

-1
 in the soft X-ray region (250-800 eV). It is equipped with a spherical grating 

 5000), a Fresnel zone plate with 25 nm spatial 

resolution and a phosphor coated Lucite tube coupled with a photomultiplier. Samples are 

analyzed in a He-filled chamber (~30 kPa). The accessible energy range (250-800 eV) includes 

the carbon K-absorption edge (283.8 eV), the potassium L3,2-edge (294.6 eV), the calcium L3,2-

edge (349.3 eV), the nitrogen K-edge (400.0 eV) and the oxygen K-edge (531.7 eV) (47). 

Additional technical specifications are given in Kilcoyne et al. (48).  

 The MAXYMUS-STXM is located at the tunable undulator beamline UE46_PGM-2 at 

the BESSY II electron storage ring (1.7 GeV, multibunch mode) and provides a photon flux of 

~5·10
8
 s

-1
 in the soft X-ray region. The undulator provides X-ray photons with selectable 

polarization in the range of 120-1900 eV. The STXM is equipped with a plane grating 

monochromator using a 600  8000 at C-K), a 

Fresnel zone plate with 31 nm spatial resolution and a phosphor coated Lucite tube coupled with 

a photomultiplier. The samples were placed in an evacuated chamber (2-5·10
-5

 Pa). Further 

information can be found in Follath et al. (49). 

Single energy images were recorded by raster-scanning the sample in the focused X-ray 

beam and measuring the intensity of transmitted monochromatic light as a function of sample 

position. X-ray absorption spectra were obtained either by recording a sequence of energy image 

scans or an energy line scan that sampled across the particle. For an energy image scan (“stack”) 

a series of images of a defined region with closely spaced photon energies is recorded over a 

certain energy range covering peak features, and with a coarser energy grid outside of the regions 

with fine structure. For line scans, the X-ray spot is scanned across a particle, then the photon 

energy is changed and the line rescanned. This yields a plot of transmitted light at each position 

on the scanned line as a function of energy. We used identical energy protocols (number of 
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energy points and spacings) for stacks and line scans, ranging from 270 to 600 eV, and spanning 

the carbon, potassium, calcium, nitrogen and oxygen edges (Fig. S2).  

Based on the measured transmitted intensity I(d) the optical density OD was calculated 

applying Beer-Lambert’s law (50): 

d
I

dI
OD

0

)(
ln

where I0 represents the incident photon flux,  is the mass absorption coefficient,  is the sample 

density and d the sample thickness. I0 was obtained as the transmission intensity through a 

particle free region of the substrate. For OD <1.5, particle sizes were in the linear absorption 

regime of the Beer-Lambert’s law (12) which was assured for all particles reported in this study. 

For the analysis of carbon NEXAFS spectra, the pre-edge absorption (mean value 

between 275 and 284 eV) was subtracted and the spectra were normalized by the carbon K-edge 

height (mean value between 305 and 320 eV) (51). We used fine structure features from resonant 

transitions of core electrons into excited states close to the ionization continuum (1s *, *) to 

characterize the functional group composition of OA particles (50, 52). Characteristic transitions 

are listed in Table S3.  

For the analysis of atomic ratios (i.e., O:C, N:C) the heights of the C, N and O absorption 

edges  were determined as 

edgepreedgepost ODODOD

with carbon post- and pre-edge energies being 320 and 280 eV; nitrogen: 425 and 395 eV; 

oxygen: 550 and 525 eV (12). The molar ratio of oxygen and carbon nO/nC is calculated as  

prepostOOC

prepostCCO

C

O

MOD

MOD

n

n

,

,

with M as the atomic mass and post-pre as the difference in mass absorption coefficient ( C,320-

280 = 3.8·10
4
 cm

2 
g

-1
, N,425-395 = 2.8·10

4
 cm

2 
g

-1
, O,550-525 = 2.0·10

4
 cm

2 
g

-1
) (12, 36-37, 47). The 

ratio nN/nC is obtained in an analogous fashion. The calculation of nO/nC and nN/nC has been 

verified previously by Moffet et al. (36), and was reconfirmed in this study by means of organic 

standard compounds and aerosol mass spectrometry data for laboratory-generated SOA. The 

experimental results show good agreement with the theoretical ratios (see Table S4 and Sect. 

S2.2).  
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Based on non-normalized CNO spectra, the potassium mass fraction in organic particles 

was estimated as described in the following paragraph. In soft X-ray absorption spectra, the 

potassium L3,2-absorption edge occurs as a characteristic double peak superimposed on the 

carbon K-edge absorption. Both closely spaced potassium L3- and L2-edges consist of 

pronounced and sharp peaks at the onset of the edge (at 297.4 eV and 299.9 eV) caused by the 

resonant electron transition from the ground states (2p3/2, 2p1/2) into unoccupied states (3d) in 

addition to the actual absorption step function due to photo-ionization (50).    

In spectra of OA particles with high potassium content, the pronounced potassium doublet 

and the height of the potassium absorption edge (relative to pre-edge absorption) are resolved. 

For OA particles with low potassium content only the potassium doublet is strong enough to be 

detected (Fig. S3). The height of the L3,2-edge, edge, is proportional to the number of 

potassium atoms and can be used to quantify the potassium content. Based on 20 potassium-rich 

particles the following linear correlation (R
2
 = 0.85) between edge and the height of the L3-

peak L3 was established: 

3235.0 Ledge ODOD
.

This correlation allowed a quantitative estimate of edge even for OA particles with low 

potassium content. The effective potassium detection limit in individual organic particles is given 

by the minimum L3 that is resolvable above the spectral noise. It was estimated as ~2 fg. 

Based on Beer-Lambert’s law, the following equation was used to calculate the absolute 

potassium mass, mK, in individual aerosol particles: 

h

VOD
m

prepostK

edge

K

,7.0

with V as the volume of the impacted OA droplets (= K,310-292 =7.0·10
4
 cm

2 
g

-1
 as 

the difference in potassium L-edge mass absorption coefficient for the pre- and post-edge 

energies 292 and 310 eV (47, 53), h as the height of the impacted droplet, and a geometric factor 

of 0.7 to account for the average light path through the spherical cap (12). V can be calculated as  

223
6

ha
h

V

with a as the radius of the spherical cap that was measured for all particles based on STXM 

images (54). The height, h, is not directly accessible but can be estimated based on the measured 
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OD for C, N, and O. According to Pöschl et al. (6), C, N, and O account for ~80 % of the total 

mass, mtotal, of Amazonian aerosol particles in the submicrometer size range. Therefore,  

totalONC mmmm 8.0

with 

h

VOD
m

prepostX

X

X

,7.0

and  

Vmtotal

can be converted into  

O

O

N

N

C

C ODODOD
h

56.0

1
.

Using  = 1.4 g cm
-3

 as a characteristic density value for OA particles (2), we obtained the radius-

to-height ratio a/h with a mean value of ~10. Based on a and a/h, we calculated a volume 

equivalent diameter Dve for each particle:   

3 32

ve 3 hhaD .

According to Martin et al. (5), the fine organic aerosol mass concentration (<2 µm) during 

the wet season in the Amazon is of the order of ~2 µg m
-3

. Multiplication of this value with an 

estimated average potassium mass fraction of ~2.6 % (median of all Amazonian OA particles 

analyzed in this study), yields an average atmospheric potassium concentration level of 

~50 ng m
-3

  (estimated uncertainty: factor ~2), which is consistent with previous measurements 

(18-220 ng m
-3

, (16)). 

S1.6. SEM analysis      

Scanning electron microscopy (SEM) images of aerosol particles were acquired using the 

secondary electron in-lens detector of a high-performance field emission instrument (LEO 1530 

FESEM, EHT 10 keV, WD ~9 mm). The in-lens detector enabled detection of thin organic 

particles and coatings, which are often difficult to detect. The organic nature of SOA droplets and 

organic components of mixed SOA-inorganic particles were confirmed by NanoSIMS analysis as 

detailed below. Si3N4 windows are mounted on conductive Si wafers; however, the windows 
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themselves are nonconductive and show strong charging. Therefore, the back of the Si3N4

windows was coated with gold prior to SEM and NanoSIMS analysis to prevent charging and 

enhance the contrast of SOA particles against the substrate. 

S1.7. NanoSIMS measurement and data processing  

Chemical analysis of aerosol particles was performed using a Cameca NanoSIMS 50 ion 

microprobe in multi-collection detector mode by sputtering the sample with a ~1 pA Cs
+
 primary 

ion beam focused into a spot of ~100 nm diameter. The primary ion beam was scanned several 

times over an area of 4 µm x 4 µm for the chemical analysis of standards, with a dwell time of 

1000 µs pixel
-1

, and images (256 x 256 pixels) were recorded for every scan. The detector dead 

time was 44 ns and the count rates were corrected accordingly. The energy bandpass slit was set 

to 20 eV, the entrance slit and aperture slit were decreased to 30 µm x 180 µm and 

200 µm x 200 µm, respectively, and the transmission was kept at 50 % to enhance the count rate 

on small particles. A high transmission is possible because the influence of the quasi 

simultaneous arrival effect on the quantification of major elements is minor (<1 %) compared to 

the matrix effects, which introduce a ~20-40 % uncertainty. 

On aerosol samples the field of vision was larger (10 µm x 10 µm) to view a 

representative area of the sample and compare with SEM and STXM images. To remove surface 

contaminations, all images were pre-sputtered for one cycle. The analysis time varied from 3-20 

cycles depending on the number of scans required to collect an appropriate number of counts per 

pixel on each mass, and on the stability of the compounds investigated.  

Secondary ions of 
12

C
-
,

16
O

-
,

12
C2

-
,

12
C

14
N

-
, and 

32
S

-
 were simultaneously collected in five 

electron multipliers on standards. For aerosol samples only one proxy for the carbon content of 

the sample (
12

C
-
 or 

12
C2

-
) was selected. Instead, 

35
Cl

-
 was added to the list in order to allow the 

detection of a larger variety of inorganic salts. For quantification we compared normalized ion 

counts to the theoretical concentration of the species of interest in a large number of standards. 

The observed relationship was then used to calculate the concentration of the element of interest 

in the aerosol samples. This approach is straightforward for all samples that contain sufficient 

carbon atoms to ionize all of the nitrogen in the sample to CN
-
. The logarithms of the observed 

calibration factors show a correlation (R
2
 = 0.99) with the electron affinity that is similar to that 
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typically observed between the logarithm of the relative sensitivity factor (RSF) under Cs
+

bombardment and electron affinity (55).  

For 19 salt-rich particles (<0.3 µm) from the aerosol samples ATTO_2011_#7 and 

ATTO_2011_#10 (Table S1) we determined approximate elemental mole fractions of carbon, 

nitrogen, oxygen, sulfur and chlorine (C:N:O:S:Cl = 0.01:0.09:0.62:0.17:0.02), indicating a 

relatively high abundance of sulfate ions in the salt core (Fig. S4, particles 1-3). 

S1.8. WRF model simulation

In order to obtain the probability density distribution of vertical velocities, Pw, for the 

Amazonian region during the sampling period, the Weather Research & Forecast model (WRF-

ARW-v3.3.1, http://www.mmm.ucar.edu/wrf/users/) was applied to simulate the meteorological 

conditions in the Amazon for the whole of May 2011. The model domain was horizontally 

configured as 299 × 249 grid cells with a spatial resolution of 9 km × 9 km. It was centered near 

Manaus, Brazil, and covers a large part of the Amazon forest region (Fig. S5). There were 34 

vertical layers extending to 100 hPa (~15 km) with 17 layers below 4 km. To allow sufficient 

time for the model spin-up, we started the simulation on 26 April 2011. Meteorological initial and 

boundary conditions were interpolated from the NCEP-FNL Operational Global Analysis data 

(http://dss.ucar.edu/datasets/ds083.2/). The sea surface temperature was updated daily during the 

model simulation with real-time, global sea surface temperature analysis data (RTG_SST, 

ftp://polar.ncep.noaa.gov/pub/history/sst). MODIS land-use data with inland lake information 

were used to feed into the Noah Land Use scheme. Grid nudging was applied only for the spin-up 

period (April 26-30, 2011), and afterward the WRF model was set to run freely. An overview of 

the model configuration is given in Table S5.
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S2 Supplementary Text

S2.1 Observations and sources of biogenic salt particles  

The elemental composition of aerosol particles in the Amazon Basin during the wet 

season has been investigated previously, and a variety of different trace elements have been 

observed (21, 25, 56-60). In supermicrometer particles, two groups of elements have been found: 

(i) crustal elements such Si, Al, Ca, and Fe mostly from long range transport of Saharan dust, and 

(ii) “biogenic” elements such as S, K, and P (25). In submicrometer particles, the elements K, P, 

S, and Zn are frequently observed and mostly attributable to biogenic sources (21-22, 60-61). 

These elements often exhibit bimodal mass size distributions with relative maxima at ~0.3 µm 

and ~3 µm (21, 25-26). The night-time concentrations of K, P, and Zn usually exceed day-time 

concentrations due to increased microbiological activity (i.e., fungal spore release) during the 

night (60). Plants, fungi, and other microorganisms are considered to be potential sources of the 

potassium-salt-rich particles observed in this study (16, 21, 25-26). The following paragraph 

summarizes current knowledge about biogenic salt emission mechanisms from different 

organisms.   

For the ejection of spores into the air, fungi have developed various active discharge 

mechanisms that involve hygroscopic water uptake by organic and inorganic solutes to generate 

osmotic pressure and surface tension effects. The active discharge of spores is accompanied by 

the emission of a liquid jet which contains inorganic ions and carbohydrates (16). Active wet 

discharge of Ascomycota spores utilizes osmotically pressurized small sacks (asci) which, upon 

bursting, eject spores and aqueous droplets of the osmotic fluid containing mannitol, potassium 

and chloride (62). Active wet discharge of Basidiomycota spores involves surface tension effects 

and aqueous droplets containing hexoses, mannitol, phosphate, sodium, and potassium (63-64). 

Elbert et al. (16) have shown that a major fraction of the potassium concentrations observed in 

the pristine Amazonian boundary layer can be explained by fungal emissions. X-ray and light 

microscopic analysis of our samples showed very high abundances of fungal spores in the coarse 

fraction, supporting the idea that fungal spore ejection is a plausible mechanism for the 

production of the observed potassium-rich particles (Fig. S6). 

In addition to microorganism related emissions, the following plant related salt particle 

release mechanisms have been described in the literature: (I) transpiration, (II) guttation, (III) 

leaching of vegetation by rain, and (IV) particle release from leaves due to mechanical abrasion. 
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Beauford et al. (29-30) suggest that small biogenic salt particles can be released into the air by 

diffusiophoresis associated with water loss during rapid plant transpiration. Other studies provide 

experimental evidence that transpiration vapors from different plant species contain salt ions 

(e.g., Ca
2+

, Na
+
, K

+
, NH4

+
; HCO3

-
, Cl

-
, SO4

2-
) in considerable concentrations (up to 5 mg l

-1
 in the 

condensate) (27, 65-67).  

Guttation is a common water release mechanism of plants when the water supply from the 

roots exceeds transpiration losses by the leaves. Since transpiration usually does not occur at 

night, leaf wetness frequently occurs in the morning hours, distinct from dew, depending on 

physiological and micrometeorological conditions (68-69). Guttation fluids (xylem sap) contain a 

mixture of sugars, amino acids, and salt ions, with particularly high K
+
, Ca

2+
, and Mg

2+
 content 

(15, 70). Accordingly, guttation has been proposed as one potential origin of airborne trace 

elements in tropical environments (21, 28).  

Leaching of soluble compounds from vegetation surfaces by rain, dew, and mist has been 

described in various studies (71-73). In addition to organic molecules (i.e., carbohydrates), the 

ions K
+
, Ca

2+
, Mg

2+
, and Mn

2+
 are leached in the largest quantities (73-74). It has been suggested 

that leaching followed by droplet evaporation can generate airborne particles with high trace 

metal content (66).  

Plant surfaces exposed to the atmosphere are covered with waxes that reduce the loss of 

water and act as a physical defense barrier against pathogens (69). In particular, epicuticular 

waxes often form the top layer of plant surfaces and are comprised of submicrometer sized, partly 

crystalline, particles (75). Such particles as small as 200 nm long and 30 nm wide can be released 

into the air when the plants are mechanically disturbed (e.g., due to rapid growth, surface 

abrasion by wind, or microbiological activity) (29-30, 76).  

The potassium-rich salt particles observed in this study (Fig. 1C-F) were typically in the 

size range of 0.1-0.3 µm. Figure S7 shows the size distribution obtained by SEM analysis of a 

morning sample with relatively high salt particle concentration. The maximum around 0.2 µm is 

in good agreement with the dilution trend of the potassium content in organic particles (Fig. 3). 

The grey shaded dilution band in Fig. 3 has been calculated assuming that primary biogenic salt 

particles in the size range of 0.1-0.3 µm with a density of  2.0-2.7 g cm
-3

 (KCl, K2SO4) (77) grew 

by condensation of SOA with a density of 1.0-1.4 g cm
-3

 (2). The calculated band covers almost 
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all data points and suggests that the size distribution shown in Fig. S7 is characteristic for the salt 

particles serving as seeds for the investigated Amazonian SOA.  

S2.2 Validation of STXM elemental ratios 

The stoichiometric ratios of organic standard compounds and the STXM elemental ratios 

for C, N, and O (nO/nC and nN/nC) generally show good agreement as previously verified by 

Moffet et al. (36). The results of this study confirm this observation and are summarized in Table 

S4. The STXM-NEXAFS and AMS derived elemental ratios for laboratory generated SOA show 

good agreement in nO/nC ratios with deviations up to 20 % (Table S4). For laboratory-generated 

SOA particles, ammonium sulfate [(NH4)2SO4] seeds were added to the reaction chamber (Sect. 

S1.3). For isoprene SOA, ammonium sulfate accounts for a significant mass fraction of the 

resulting particles (7 % on average), and was observed in the form of a strong ammonium peak at 

the nitrogen absorption edge (Fig. S2). The mass fraction of ammonium sulfate for terpene SOA 

(3-4 %; Table S2) is much lower than that for isoprene SOA, corresponding to a weak 

ammonium peak at the nitrogen absorption edge (Fig. S2). For the STXM analysis, the amount of 

sulfate was quantified on the basis of the nitrogen content. Accordingly the nO/nC ratios were 

calculated for total oxygen (organics and sulfate) and for organic oxygen only. For the AMS 

analysis, the amount of sulfate is known and the nO/nC ratios were also derived for both cases, 

including and excluding sulfate. 

S2.3 Internal structure, cloud/fog processing and CCN activation of aerosol particles 

As discussed in the main text, the investigated Amazonian organic aerosol particles 

exhibited different types of internal structures that suggest a pronounced influence of cloud and 

fog processing on SOA formation and aging.  

The organic bulk material of many OAmixed particles shows a distinct core-shell structure 

with COOH-rich material in the core and C-OH-rich material in the shell (Fig. S4 and S8). This 

internal structure may be caused by cloud/fog processing, because OAacid and OAhydroxy, which 

are the main constituents of OAmixed, have different solubilities in water. Upon evaporation of the 

cloud droplets, the less soluble OAacid material would precipitate first, and the highly soluble 

hydroxy-rich material (probably sugar- or polyol-like) would form a viscous layer surrounding 

this core (78). In contrast, OAhydroxy occurs as chemically and morphologically homogenous 
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particles (Fig. S8C). Our findings are consistent with recent studies of liquid-liquid phase 

separation in organic and mixed organic-inorganic aerosol particles reporting a strong 

dependence on oxygen-to-carbon ratio of the organic material (31-33): Particles with low atomic 

ratios of oxygen-to-carbon tend to exhibit phase separation (O:C -0.7 in OAacid and OAmixed), 

which is not the case for particles with high O:C ratios (O:C -1.0 in OAhydroxy; Table S4 and 

Fig. S8). The hygroscopic salt seeds as well as the variable chemical composition and 

morphology of the SOA particles suggest that aqueous phase reactions play an important role in 

particle growth and aging (2, 79). 

To estimate the frequency of CCN activation and cloud droplet formation on Amazonian 

aerosol particles, we performed numerical model simulations using input parameters from this 

and related earlier studies (Sect. S1.8, (6, 34)). The ability of aerosol particles to act as CCN 

depends on the particle size, hygroscopicity, and water vapor supersaturation. To form cloud 

droplets, larger particles require a lower supersaturation, which corresponds to a lower updraft 

velocity (6, 80-81).  

Figure S9 shows the critical updraft velocity for CCN activation of aerosol particles as a 

function of particle diameter. The curve results from cloud parcel model simulations with 

detailed spectral microphysics using parameters characteristic for pristine Amazonian aerosols 

during the wet season as determined in the AMAZE-08 campaign (pristine focus period) (6, 39): 

hygroscopicity parameter  = 0.14; particle number concentration N = 200 cm
-3

; number size 

distribution with two log-normal modes with a relative ratio of N2/N1 = 0.81 (N = N1 + N2) and 

with geometric mean diameter and standard deviation values of Dg,1 = 67 nm and g,1 = 1.32 

(Aitken mode) and Dg,2 = 150 nm and g,2 = 1.43 (accumulation mode, see Fig. S10A).  

As indicated by the dashed lines in Fig. S10A, updraft velocities >0.1 m s
-1

 are sufficient 

to activate accumulation mode particles at ~0.15 µm, whereas the CCN activation of Aitken 

mode particles at ~0.07 µm requires updraft velocities >1 m s
-1

. Figure S11A shows the 

probability density function (Pw) of atmospheric vertical velocities (w) at different altitudes above 

the Amazonian rainforest during the wet season as calculated with the Weather Research and 

Forecast model (WRF-ARW-v3.3.1, Sect. S1.8) for the region and period around the aerosol 

sampling location and time (Fig. S5, May 2011). Combining Pw from Fig. S11A with wcri from 
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Fig. S9, the probability of CCN activation for aerosol particles of a given size, Pact(Dp), can be 

estimated as follows:  

criw

w wPDP d)( pact with     )( pcri Dfw

Figure S11B shows Pact for different altitudes plotted against the aerosol particle diameter. 

As expected, Pact is highest in the upper boundary layer (1-3 km) where the base of convective 

clouds usually forms. At altitudes 1 km, Pact is larger than ~0.5 % for diameters >0.1 µm, 

increases exponentially with increasing diameter, and exceeds 5 % for particles >0.15 µm, which 

account for most of the aerosol particle volume and mass (Fig. S10B) (6). In near-surface air 

(0.1-0.5 km), Pact is less than ~0.01 % for particles <0.1 µm, but it increases steeply and exceeds 

0.5 % for particles >0.15 µm. The formation of low-lying cloud and fog over the rainforest is a 

common event in the wet season. The geometric mean value of Pact for the entire altitude range of 

0.1-3 km can be regarded as an estimate for the effective average probability of CCN activation 

for aerosol particles in pristine Amazonian boundary layer air. It is multiple orders of magnitude 

higher for accumulation mode particles (Pact  % for Dp

particles (Pact <0.01 % for Dp

so-called Hoppel minimum around ~0.1 µm separating the Aitken mode and the accumulation 

mode in the size distribution of aged atmospheric aerosols is due to cloud processing (82).  

In the size range >0.15 µm, which comprises the particles investigated in this study (Fig. 3) and 

represents the majority of SOA mass (5-6), the geometric mean value of Pact exceeds 2 %. The 

high probability of CCN activation underlines the importance of large accumulation mode 

particles for the formation of clouds over the rainforest, and it is consistent with the observation 

of core-shell structures indicating a pronounced influence of aqueous phase processing in clouds 

or fog on the formation and aging of SOA in the Amazon.

S2.4 Suppression of new particle formation in the Amazon 

Numerous observations in the planetary boundary layer revealed a consistent correlation 

between sulfuric acid and the concentration of newly formed particles, and consequently sulfuric 

acid is thought to be the primary vapor responsible for atmospheric nucleation ((83-86) and 

references therein). Recent modeling studies argue convincingly that the concentration level of 

gaseous sulfuric acid in the Amazon region is too low to trigger nucleation and new particle 
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formation (NPF) events, in contrast to what is observed in relatively clean air over most other 

vegetated continental regions ((8, 85, 87) and references therein). In line with ambient 

observations, which consistently show that 10
6
-10

7
 molecules cm

-3
 of H2SO4 are necessary to 

produce particle formation events, laboratory studies reported that the threshold concentration of 

sulfuric acid at which newly formed particles (>3 nm) start to appear is approximately 5-

7·10
6

molecules cm
-3

 ((85, 88) and references therein). Kanawade et al. (89) calculated a H2SO4

concentration of about 1-5·10
5
 molecules cm

-3
 from the measured SO2 (0.02-0.03 ppb) (90) and 

OH (5.5·10
6
 cm

-3
) (91) over the Amazon basin, which is nearly one order of magnitude lower 

than the values observed in boreal forest in Finland (92) and in Michigan forest (89). Low- or 

semi-volatile organic vapors are also found to be involved in the nucleation and subsequent 

particle growth (85) and some laboratory studies reported that the presence of organics 

significantly enhances NPF (93-95). On the other hand, an experimental study showed that homo-

molecular nucleation of organics, such as aromatic acids, in the absence of H2SO4 is unlikely to 

occur under atmospheric conditions (93). In addition, the relatively high isoprene-to-terpene ratio 

over the Amazon may play a role in suppressing nucleation as discussed by Kiendler-Scharr et al. 

(96) and Kanawade et al. (89). We assume that these and related issues of atmospheric gas phase 

chemistry are probably the main reason why NPF is not observed in the Amazon in contrast to 

boreal forest areas characterized by frequent NPF (97-99).  

In addition, the presence of potassium-rich salt particles in a humid environment may 

indeed enhance the effective condensation sink of organic vapors as outlined below and may thus 

contribute to suppress new particle formation over the Amazon. The condensation sink (CS) of 

low-volatile vapors, as determined by the particle size distribution and surface concentration, in 

pristine Amazonian rainforest air is of the order of ~1·10
-3

 s
-1

 [based on the size distribution data 

of Zhou et al. (100) and Pöschl et al. (6)), the influence of hygroscopic growth at average RH of 

93 % on the particles size distribution has been taken into account by using the measured average 

 value during wet season of Amazon as 0.15 (34)]. Physically, the condensation sink in 

Amazonia is thus of similar magnitude as in pristine boreal forest air (CS = ~4·10
-3

 s
-1

 according 

to Kulmala et al. (98) and Kanawade et al. (89)). From a chemical perspective, however, aqueous 

droplets formed by hygroscopic growth of the potassium-rich salt particles in tropical rainforest 

air are not only a condensation sink for low-volatile vapors, they can also absorb volatile and 

semi-volatile organic compounds and provide a medium for multi-phase chemical reactions that 
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may be more efficient in converting VOC into SOA than gas phase chemical reactions followed 

by “dry condensation” of low-volatile vapors (2, 101-102).  

Thus, we suggest and intend to pursue further investigations to unravel and quantify how 

multi-phase chemistry on potassium-rich salt particles may influence the mechanism and rate of 

SOA formation and the apparent suppression of new particle formation (nucleation events) over 

the Amazon and other tropical rainforests compared to mid-latitude and boreal forests, which will 

require comprehensive field measurements of aerosol particle and precursor gas composition as 

well as kinetic process studies (laboratory experiments and model calculations).
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Figure S1. Location of the ATTO site in central Amazonia, Brazil, with back trajectories 

(HYSPLIT, NOAA-ARL, GDAS1 model, start height 100 m) and cumulative rainfall (tropical 

rainfall measuring mission TRMM) from 13 to 17 May 2011. Back trajectories are simulated for 

sampling time of individual impactor samples (Table S1).  
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Figure S2. CNO X-ray absorption spectra of (i) laboratory-generated SOA from terpene ( -

pinene and -caryophyllene) and isoprene oxidation, (ii) glucose as reference compound from 

spray-drying of aqueous solution and (iii) Amazonian OA particles (OAacid, OAmixed, OAhydroxy). 

The spectra cover the K-edges of carbon (283.8 eV), nitrogen (400.0 eV) and oxygen (531.7 eV) 

as well as the L3,2-edges of potassium (294.6 eV) and calcium (349.3 eV). The carbon edge fine 

structure for the same spectra is shown in Fig. 2A.   
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Figure S3. Characteristic spectra of individual Amazonian aerosol particles with different 

ODedge L3 are used for potassium quantification. 
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Figure S4. NanoSIMS images exhibiting elemental maps for (A) oxygen, (B) sulfur, (C)

chlorine, (D) carbon, and (E) nitrogen of Amazonian aerosol particles. 1, 2, and 3 are small salt-

rich particles. 4 and 5 are large OA particles exhibiting pronounced core-shell structures. Color 

code indicates counts of secondary ions.  
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Figure S5. WRF model domain around the sampling location (ATTO site). Updraft velocities 

were calculated for May 2011 and integrated over the entire rainforest area (green shading).
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Figure S6. Light microscopy image of coarse mode particles in Amazonian aerosol sample 

(ATTO_2011_#2; Table S1). A high abundance and diversity of fungal spores was observed 

(examples are indicated by red arrows).
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Figure S7. Size distribution of salt cores in the Amazonian aerosol sample ATTO_2011_#10 

collected in the morning of 14 May 2011 (Table S1, Sect. 2.1). SEM measurement data (red bars) 

and lognormal fit (black line) indicate a peak around ~0.2 µm.
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Figure S8. Internal structures of Amazonian organic aerosol particles analyzed by STXM-

NEXAFS and SEM. Color code indicates integrated region for corresponding NEXAFS spectra. 

(A) OAmixed particle with COOH-rich core and thick C-OH-rich coating. (B) OAmixed particle with 

COOH-rich core and thin C-OH-rich coating. (C) OAhydroxy with homogenous chemical 

composition. Halos of small satellite droplets were observed for ~50 % of OAhydroxy particles 

(O:C -1.0) but not for OAacid and OAmixed particles (O:C -0.7). The halo satellite 

droplets were not considered in quantitative analyses of particle size distribution and potassium 

content. 
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Figure S9. Critical updraft velocity for CCN activation of aerosol particles as a function of 

particle diameter. The data points are the results of cloud parcel model simulations with detailed 

spectral microphysics using parameters characteristic for pristine Amazonian aerosols (6, 34). 

The line is a fit of the form wcri = f(Dp) =10^(-452·Dp^3+208·Dp^2 -40.93·Dp+2.021). 
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Figure S10. Aerosol size distribution and critical diameters of CCN activation for different 

updraft velocities (w = 0.05 to 2 m s
-1

) characteristic for pristine Amazonian aerosols. (A) Particle 

number distribution composed of an Aitken mode around ~0.07 µm and an accumulation mode 

around ~0.15 µm (6, 34). (B) Particle volume distribution corresponding to the bimodal number 

distribution shown in panel A. Note that the actual volume distribution around 1 µm is higher 

because of coarse particles (primary biological material and mineral dust (6)) that are not 

included in this analysis, which is focused on the SOA particles dominating the accumulation 

mode composition.  
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Figure S11. (A) Probability density function, Pw, of atmospheric updraft velocity, w, at different 

altitudes above the Amazonian rainforest during the wet season as calculated with the Weather 

Research and Forecast model (WRF-ARW-v3.3.1, Sect. S1.8) for the region and period around 

the aerosol sampling location and time (Fig. S5, May 2011). (B) CCN activation probability, Pact, 

of particles at diameter Dp. The lines represent results at different heights (GM = geometric mean 

value). 
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Figure S12. Particle mass spectrum averaged for pristine conditions during AMAZE-08 (“class 

I”), as detected by high-resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS, 

unpublished data) (7, 39).  
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Table S1. Characteristics of the analyzed aerosol samples.  

Sample Name Sampling Time Location STXM setup 

ATTO_2011_#1 2011/05/13 11:30-12:20 ATTO site ALS, BESSY II 

ATTO_2011_#2 2011/05/13 12:35-13:15 ATTO site ALS 

ATTO_2011_#7 2011/05/13 15:50-16:23 ATTO site ALS 

ATTO_2011_#8 2011/05/13 16:27-17:07 ATTO site ALS 

ATTO_2011_#9 2011/05/13 17:15-17:55 ATTO site ALS, BESSY II 

ATTO_2011_#10 2011/05/14 07:42-08:42 ATTO site ALS 

   ZF2_2010_#3 2010/05/15 06:20-07:20 ZF2/TT34 site  ALS 

   ZF2_2010_#4 2010/05/15 08:46-09:46 ZF2/TT34 site ALS 

   ZF2_2010_#5 2010/05/15 10:25:11:24 ZF2/TT34 site ALS 
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Table S2. Experimental parameters for SOA generation in the Harvard Environmental Chamber 

(GMD = geometric mean diameter, GSD = geometric standard deviation).

VOC Oxidation 
Chamber 

RH [%] 

  Ammonium Sulfate Seeds SOA

Dry Diameter

[nm]

Concentration

[µg m-3] 

Size Distribution 

GMD [nm] / GSD 

Concentration

[µg m-3] 

Isoprene photooxidation 

(H2O2 injected, 

UV lights on) 

40 70 2.4 152.4 / 1.44 32.7 

-pinene (+/-) dark ozonolysis   

(O3 injected, 

UV lights off) 

40 46 1.0 94.2 / 1.58 26.1

-caryophyllene dark ozonolysis   

(O3 injected, 

UV lights off) 

40 46 0.5 95.1 / 1.65 18.2
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Table S3. Resonance energies of the carbon K-edge NEXAFS features with corresponding 

functional groups and potassium L-edge transitions. Peak assignments are based on 

(35, 38, 52, 103-104).  

Functionality Transition Nominal Energy [eV] 

Alkene/aromatic, R(C*=C)R’ 1s 285.0 ± 0.2 

Carbonyl groups, R(C*=O)R’ 1s 286.7 ± 0.2 

Alkyl, C*Hn (n=1,2,3) 1s C-H 287.7 ± 0.7 

Carboxylic carbonyl, R(C*=O)OH 1s 288.7 ± 0.3 

Hydroxy/ether, OC*H2 1s 289.3 ± 0.2 

Potassium, KL3 2p3/2 297.4 ± 0.2 

Potassium, KL2 2p1/2 299.9 ± 0.2 
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Table S4. Molar elemental ratios for C, N, and O (nO/nC and nN/nC) for selected standard 

compounds, laboratory-generated SOA, and Amazonian OA determined by STXM-NEXAFS 

analysis. The reference data are stoichiometric ratios for pure standard compounds and AMS data 

for SOA samples. Data for BSA taken from Serro et al. (105). For SOA the ratios for organic plus 

ammonium sulfate and for organic only (in parentheses) are given.    

Compound 
nO/nC nN/nC

STXM Reference STXM Reference 

Glucosamine·HCl  (C6H14NO5Cl) 0.86 0.83 0.17 0.17 

Glucose  (C6H12O6) 0.90 1.0 0.04 0 

Serine  (C3H7NO3) 0.75 1.0 0.28 0.33 

Aspartic acid  (C4H7NO4) 1.0 1.0 0.23 0.25 

BSA 0.36 0.32 0.17 0.25 

Isoprene SOA 0.88 (0.63) 0.70 (0.67) 0.23 0.08 (0.004) 

-pinene SOA 0.42 (0.38) 0.36 (0.34) 0.06 0.04 (0.001) 

-caryophyllene SOA 0.35 (0.31) 0.33 (0.32) 0.04 0.02 (0.002) 

OAacid 0.63 - 0.09 - 

OAmixed 0.67 - 0.17 - 

OAhydroxyl 0.92 - 0.18 - 
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Table S5. WRF-ARW-v3.3.1 model configuration (106). 

Scheme Options 

Microphysics WRF Single-Moment 6-class scheme with ice, snow and graupel processes 

Long-wave radiation RRTMG scheme, a new version of RRTM 

Short-wave radiation RRTMG shortwave scheme with the MCICA method of random cloud overlap 

Surface layer Eta similarity used in Eta model and based on Monin-Obukhov with Zilitinkevich thermal 

roughness length and standard similarity functions from look-up tables 

Land surface Noah Land Surface Model unified NCEP/NCAR/AFWA scheme with soil temperature 

and moisture in four layers 

Boundary layer Mellor-Yamada-Janjic scheme, an Eta operational scheme; one-dimensional prognostic 

turbulent kinetic energy scheme with local vertical mixing 

Cumulus 

parameterization 

Grell 3D, an improved version of the GD scheme that may also be used on high resolution 

with subsidence spreading turned on 

Diffusion Full diffusion  

6th order horizontal 

diffusion 

Positive definite 

Non-hydrostatic True 

PD advection  Positive definite on 
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Table S6. Normalized optical density at carbon absorption edge for reference and ambient 

aerosols as measured by STXM-NEXAFS and plotted against X-ray photon energy in Fig. 2A. 

 Energy [eV] 

Normalized Optical Density 

-pinene SOA 
-caryophyllene 

SOA 
isoprene SOA  glucose OA(acid)   OA(mixed) OA(hydroxy) 

280

280.5

281

281.5

282

282.5

283

283.1

283.2

283.3

283.4

283.5

283.6

283.7

283.8

283.9

284

284.1

284.2

284.3

284.4

284.5

284.6

284.7

284.8

284.9

285

285.1

285.2

285.3

285.4

285.5

285.6

285.7

285.8

285.9

286

286.1

286.2

286.3

286.4

286.5

286.6

286.7

286.8

286.9

287

287.1

287.2

287.3

287.4

287.5

287.6

287.7

287.8

287.9
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288 

288.1

288.2

288.3

288.4

288.5

288.6

288.7

288.8

288.9

289

289.1

289.2

289.3

289.4

289.5

289.6

289.7

289.8

289.9

290

290.1

290.2

290.3

290.4

290.5

290.6

290.7

290.8

290.9

291

291.1

291.2

291.3

291.4

291.5

291.6

291.7

291.8

291.9

292

292.1

292.2

292.3

292.4

292.5

292.6

292.7

292.8

292.9

293

293.1

293.2

293.3

293.4

293.5

293.6

293.7

293.8

293.9

294

294.5
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294.721 

294.942

295.163

295.384

295.605

295.826

296.047

296.268

296.489

296.71

296.931

297.152

297.373

297.594

297.815

298.036

298.257

298.478

298.699

298.92

299.141

299.362

299.583

299.804

300.025

300.246

300.467

300.688

300.909

301.13

301.351

301.572

301.793

302.014

302.235

302.456

302.677

302.898

303.119

303.34

303.561

303.782

304.003

305

310

315
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Table S7. Normalized optical density at carbon absorption edge for Amazonian aerosol particles 

with different potassium contents as measured by STXM-NEXAFS and plotted against X-ray 

photon energy in Fig. 2B.  

Energy [eV] 

Normalized Optical Density 

OA with high K mass   

fraction (>10%) 

   OA with medium K  

mass fraction (1-10%) 

 OA with low K mass 

fraction (<1%) 

280 0.03 0.02 -0.01

280.5 0.03 0.01 -0.01

281 0.03 0 -0.01

281.5 0.03 0 -0.01

282 0.04 0 -0.01

282.5 0.03 0 -0.02

283 0.03 0 -0.02

283.1 0.02 -0.01 -0.02

283.2 0.02 -0.02 -0.01

283.3 0 -0.03 -0.01

283.4 -0.01 -0.04 0

283.5 -0.02 -0.04 0

283.6 -0.04 -0.05 0

283.7 -0.05 -0.05 0.01

283.8 -0.05 -0.04 0.01

283.9 -0.05 -0.03 0.02

284 -0.05 -0.02 0.02

284.1 -0.05 -0.01 0.02

284.2 -0.06 0.01 0.03

284.3 -0.07 0.02 0.04

284.4 -0.09 0.03 0.05

284.5 -0.12 0.05 0.07

284.6 -0.16 0.06 0.09

284.7 -0.21 0.08 0.11

284.8 -0.25 0.09 0.12

284.9 -0.28 0.11 0.14

285 -0.29 0.12 0.16

285.1 -0.27 0.13 0.18

285.2 -0.24 0.14 0.19

285.3 -0.2 0.14 0.19

285.4 -0.16 0.13 0.18

285.5 -0.13 0.12 0.18

285.6 -0.12 0.12 0.16

285.7 -0.13 0.11 0.15

285.8 -0.17 0.11 0.14

285.9 -0.22 0.12 0.13

286 -0.26 0.13 0.13

286.1 -0.3 0.14 0.14

286.2 -0.31 0.16 0.15

286.3 -0.31 0.19 0.17

286.4 -0.3 0.21 0.19

286.5 -0.26 0.24 0.22

286.6 -0.22 0.25 0.24

286.7 -0.16 0.26 0.26

286.8 -0.12 0.27 0.28

286.9 -0.1 0.27 0.3

287 -0.1 0.27 0.31

287.1 -0.12 0.27 0.33

287.2 -0.13 0.29 0.35

287.3 -0.13 0.31 0.37

287.4 -0.11 0.34 0.4

287.5 -0.08 0.37 0.44

287.6 -0.03 0.42 0.48

287.7 0.03 0.48 0.55

287.8 0.1 0.56 0.64

287.9 0.18 0.65 0.75

288 0.26 0.75 0.88
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288.1 0.35 0.86 1.02

288.2 0.43 0.98 1.16

288.3 0.52 1.1 1.3

288.4 0.6 1.22 1.41

288.5 0.66 1.32 1.51

288.6 0.7 1.4 1.59

288.7 0.73 1.45 1.64

288.8 0.73 1.49 1.67

288.9 0.71 1.5 1.69

289 0.68 1.5 1.7

289.1 0.64 1.49 1.71

289.2 0.6 1.48 1.72

289.3 0.55 1.48 1.72

289.4 0.5 1.47 1.72

289.5 0.47 1.46 1.7

289.6 0.45 1.44 1.68

289.7 0.45 1.42 1.65

289.8 0.46 1.4 1.62

289.9 0.47 1.37 1.59

290 0.48 1.34 1.57

290.1 0.48 1.32 1.56

290.2 0.48 1.31 1.55

290.3 0.5 1.31 1.56

290.4 0.53 1.33 1.57

290.5 0.57 1.36 1.59

290.6 0.6 1.4 1.62

290.7 0.62 1.43 1.63

290.8 0.61 1.45 1.65

290.9 0.58 1.46 1.65

291 0.53 1.45 1.66

291.1 0.47 1.45 1.66

291.2 0.41 1.44 1.65

291.3 0.35 1.44 1.65

291.4 0.32 1.44 1.65

291.5 0.3 1.44 1.65

291.6 0.3 1.44 1.66

291.7 0.31 1.44 1.66

291.8 0.33 1.44 1.66

291.9 0.34 1.43 1.66

292 0.35 1.43 1.67

292.1 0.36 1.43 1.67

292.2 0.36 1.44 1.68

292.3 0.36 1.46 1.69

292.4 0.34 1.48 1.7

292.5 0.32 1.49 1.71

292.6 0.29 1.5 1.72

292.7 0.26 1.5 1.73

292.8 0.22 1.49 1.74

292.9 0.19 1.48 1.74

293 0.17 1.48 1.75

293.1 0.16 1.48 1.75

293.2 0.16 1.48 1.76

293.3 0.17 1.48 1.76

293.4 0.19 1.49 1.76

293.5 0.19 1.5 1.76

293.6 0.18 1.5 1.76

293.7 0.16 1.5 1.75

293.8 0.13 1.5 1.75

293.9 0.13 1.5 1.74

294 0.14 1.49 1.73

294.5 0.18 1.48 1.72

294.721 0.23 1.48 1.71

294.942 0.3 1.48 1.7

295.163 0.4 1.49 1.7

295.384 0.55 1.51 1.7

295.605 0.77 1.55 1.7
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295.826 1.06 1.61 1.71

296.047 1.41 1.7 1.72

296.268 1.83 1.79 1.74

296.489 2.31 1.9 1.76

296.71 2.8 2 1.79

296.931 3.2 2.08 1.8

297.152 3.39 2.11 1.81

297.373 3.28 2.09 1.8

297.594 2.88 2.01 1.76

297.815 2.33 1.89 1.72

298.036 1.8 1.78 1.67

298.257 1.46 1.69 1.63

298.478 1.36 1.65 1.6

298.699 1.49 1.66 1.59

298.92 1.79 1.71 1.59

299.141 2.2 1.78 1.61

299.362 2.63 1.87 1.64

299.583 2.99 1.93 1.66

299.804 3.21 1.96 1.67

300.025 3.23 1.95 1.66

300.246 3.05 1.89 1.63

300.467 2.76 1.79 1.59

300.688 2.43 1.69 1.55

300.909 2.16 1.6 1.5

301.13 1.95 1.53 1.46

301.351 1.79 1.48 1.43

301.572 1.67 1.45 1.41

301.793 1.56 1.42 1.39

302.014 1.45 1.41 1.37

302.235 1.35 1.4 1.36

302.456 1.26 1.39 1.35

302.677 1.19 1.38 1.34

302.898 1.13 1.37 1.32

303.119 1.08 1.35 1.31

303.34 1.06 1.32 1.3

303.561 1.05 1.28 1.27

303.782 1.06 1.24 1.24

304.003 1.05 1.19 1.19

305 1.03 1.12 1.13

310 0.97 1.05 1.05

315 0.9 0.98 0.97
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Table S8. Potassium mass fraction for OA particles from ZF2-samples (Sect. S1.1) as plotted 

against particle volume equivalent diameter (Dve) in Fig. 3. 

Dve [µm] Potassium Mass Fraction [%] 

O
A

(a
ci

d
) 

0.40 16.3 

0.36 9.1 

0.30 8.5 

0.55 7.7 

0.36 7.2 

0.42 6.4 

0.57 5.2 

0.41 4.9 

0.39 4.5 

0.30 4.5 

0.34 4.2 

0.25 3.5 

0.45 2.8 

0.39 2.0 

0.41 1.7 

0.58 1.6 

0.91 1.6 

0.38 0.5 

1.06 0.4 

0.34 0.0 

O
A

(m
ix

ed
) 

0.50 7.0 

0.37 3.9 

0.45 2.7 

0.35 0.0 

0.35 0.0 
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Table S9. Potassium mass fraction for OA particles from ATTO-samples (Sect. S1.1) as plotted 

against particle volume equivalent diameter (Dve) in Fig. 3. 

Dve [µm] Potassium Mass Fraction [%] 
O

A
(a

ci
d
) 

0.35 5.2 

0.88 4.1 

0.43 3.4 

0.51 3.2 

0.27 3.0 

0.52 2.7 

0.41 2.6 

0.61 2.2 

0.67 1.5 

0.62 1.5 

1.07 0.6 

0.96 0.4 

O
A

(m
ix

ed
) 

0.61 6.0 

0.30 4.5 

0.38 4.2 

0.48 3.7 

0.34 3.3 

0.59 3.3 

0.19 3.2 

0.48 2.7 

0.56 2.4 

0.48 2.2 

0.44 1.9 

0.43 1.6 

0.51 1.2 

0.80 1.2 

0.63 1.2 

0.74 1.1 

0.58 1.0 

1.02 1.0 

0.47 0.9 

0.62 0.8 

0.70 0.7 

0.41 0.6 

0.76 0.6 

0.87 0.6 

0.69 0.5 

0.90 0.5 

0.65 0.5 

0.93 0.3 
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O
A

(h
y
d
ro

x
y
) 

0.33 10.6 

0.38 6.1 

0.54 2.6 

0.62 2.3 

0.74 2.0 

0.52 1.6 

0.80 1.4 

0.70 1.0 

0.99 1.0 

1.01 0.9 

0.75 0.8 

0.93 0.3 

S
al

ts
 +

 O
A

 

0.20 19.8 

0.16 19.5 

0.12 18.8 

0.17 13.3 

0.26 12.4 

0.17 12.4 

0.37 8.5 

0.30 5.0 

0.34 3.5 

209



 



xi 

 

 

 



 



xiii 
 

 

 

 


	Button6: 
	Button7: 
	Button8: 
	Button9: 
	Button4: 
	Button3: 
	Button2: 
	Button1: 


