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Abstract 

Instruments that utilize light-induced fluorescence (LIF) for the detection of intrinsic 

fluorescence are commonly applied for the real-time characterization of primary biological 

aerosol particles (PBAPs). The application of LIF instruments notably expanded our 

knowledge regarding PBAP abundances and diversity. However, due to the complexity of 

PBAP composition and limited spectral information provided by most commercially available 

LIF instruments, the analysis of PBAPs still involves significant uncertainties. New 

generations of LIF instruments are being developed that provide increased spectral resolution 

for improved particle classification. This dissertation addresses the laboratory and field 

characterization of an instrument – the Spectral Intensity Bioaerosol Sensor (SIBS) – that 

provides spectrally resolved fluorescence information for single airborne particles in real-time 

and thus shows promise to increase PBAP classification capabilities. 

The first part of this dissertation encompasses comprehensive laboratory studies. Spectral 

properties of polystyrene latex spheres (PSLs), commonly applied for the characterization and 

calibration of LIF instruments, are analyzed and discussed, providing important information 

necessary for proper instrument operation, fluorescence tresholding strategies, and 

interpretation of fluorescence emission. It was shown that the SIBS provides sufficient spectral 

resolution for the differentiation of major modes of molecular fluorescence for 16 reference 

compounds, using two excitation wavelengths (λex = 285 and 370 nm) and a broad fluorescence 

emission range (λmean = 302 – 721 nm). 

As a proof of concept, the SIBS was operated during the shipborne Air Quality and Climate 

Change in the Arabian Basin (AQABA) campaign in 2017, continuously measuring particles 

under contrasting atmospheric conditions such as clean marine air, strongly polluted regions, 

and dust events. By using a hierarchical agglomerative clustering (HAC) approach, it was 

shown that particles were grouped into distinguishable clusters based on resolved spectral 

information. Additionally, particle types were further classified (e.g., as potential polycyclic 

aromatic hydrocarbon (PAH), dust, chlorophyll, and potential PBAP clusters) by 

intercomparison to individual aerosol and gas phase measurements performed during AQABA.  

Results for both laboratory and field studies show that the SIBS has the potential to improve 

the selectivity for PBAP quantification and classification. In this respect, the SIBS represents 

a major step forward regarding the detection of single fluorescent particles using LIF.       
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Zusammenfassung 

Instrumente, die lichtinduzierte Fluoreszenz (LIF) zum Nachweis intrinsischer Fluoreszenz 

verwenden, werden häufig für die Echtzeit-Charakterisierung von primären biologischen 

Aerosolpartikeln (PBAPs) verwendet. Die Anwendung von LIF-Instrumenten hat unser 

Wissen über PBAP-Abundanz und -Diversität deutlich erweitert. Aufgrund der Komplexität 

der PBAP-Zusammensetzung und der begrenzten Spektralinformation, die von den meisten 

kommerziellen LIF-Instrumenten bereitgestellt wird, ist die Analyse von PBAPs jedoch immer 

noch mit erheblichen Unsicherheiten verbunden. Neue Generationen von LIF-Instrumenten 

werden entwickelt, die eine höhere spektrale Auflösung für eine bessere Partikelklassifizierung 

bieten. Die vorliegende Dissertation adressiert die Labor- und Feldcharakterisierung eines 

Instruments - dem Spectral Intensity Bioaerosol Sensor (SIBS) – welches spektral aufgelöste 

Fluoreszenzinformationen für einzelne, luftgetragene Partikel in Echtzeit liefert und somit 

vielversprechend für eine Verbesserung der PBAP-Klassifizierungsmöglichkeiten ist.  

Der erste Teil dieser Dissertation umfasst umfangreiche Laborstudien. Spektrale 

Eigenschaften von Polystyrol-Latexkugeln (PSLs), die allgemein für die Charakterisierung und 

Kalibrierung von LIF-Instrumenten verwendet werden, wurden analysiert und diskutiert. 

Hierdurch werden wichtige Informationen zu Verfügung gestellt, die für den 

ordnungsgemäßen Betrieb eines LIF-Instruments, für Fluoreszenz-Grenzwert-Strategien und 

die Interpretation der Fluoreszenzemission unerlässlich sind. Es konnte bestätigt werden, dass 

der SIBS eine ausreichende spektrale Auflösung bietet, um wesentliche Moden molekularer 

Fluoreszenz für 16 Referenzverbindungen mithilfe von zwei Anregungswellenlängen (λex 

= 285 and 370 nm) und einem breiten Fluoreszenzemissionsbereich (λmean = 302 – 721 nm) zu 

differenzieren. 

Als „Proof of Concept“ wurde der SIBS während der Schiffskampagne „Luftqualität und 

Klimawandel im Arabischen Becken“ (AQABA) im Jahr 2017 betrieben und detektierte 

kontinuierlich Daten von Partikeln unter verschiedenen atmosphärischen Bedingungen wie 

z.B. saubere Meeresluft, stark verschmutzte Regionen und Staubereignisse. Durch die 

Verwendung einer hierarchischen Clusteranalyse (Hierarchical agglomerative clustering 

(HAC)) konnte gezeigt werden, dass, basierend auf aufgelösten Spektralinformation, Partikel 

in differenzierte Cluster eingruppiert wurden. Darüber hinaus wurden die Partikeltypen weiter 

klassifiziert (z.B. als potenzielle polyzyklische aromatische Kohlenwasserstoff (PAK) -, Staub-

, Chlorophyll- und potentielle PBAP-Cluster), indem sie mit unabhängigen Aerosol- und 

Gasphasenmessungen, die während der AQABA Kampagne durchgeführt wurden, verglichen 
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wurden. Die Ergebnisse aus Labor- und Feldstudien zeigen, dass der SIBS das Potential hat, 

die Selektivität für die PBAP-Quantifizierung und Klassifizierung zu verbessern. 

Diesbezüglich stellt der SIBS einen großen Fortschritt für die Detektion einzelner 

fluoreszierender Partikel mittels LIF dar.
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1. Introduction 

1.1 Primary biological aerosol particles in the atmosphere 

Primary biological aerosol particles (PBAPs), commonly named bioaerosols, represent a 

diverse and dynamic group of airborne particles, comprising organisms such as bacteria, pollen, 

fungi, and related reproductive units (e.g., Deepak and Vali, 1991; Després et al., 2012; 

Fröhlich-Nowoisky et al., 2016; Madelin, 1994; Pöschl, 2005). Particle sizes are highly 

diversified and can span from a few nanometers up to  ̴ 100 µm (e.g., Cox and Wathes, 1995; 

Hinds, 1999; Jaenicke, 2005).  

The influence of PBAPs on environmental and biogeochemical processes including, e.g., 

(i) aerosol-cloud interactions, (ii) concerns of public health and agriculture, and (iii) spread of 

organisms on local, continental, and inter-continental scales, resulting in growing interest 

within scientific communities, furthermore became a subject of public affairs (e.g., Després et 

al., 2012; Fröhlich-Nowoisky et al., 2016; Yao, 2018). For example, some types of bacteria, 

fungi, pollen, and leaf litter are thought to be able to influence the formation and development 

of clouds and precipitation by acting as giant cloud condensation nuclei (CCN) and ice nuclei 

(IN) (e.g., Delort et al., 2010; Despres et al., 2007; Fröhlich-Nowoisky et al., 2016; Möhler et 

al., 2007; Morris et al., 2004; Pöschl et al., 2010; Schnell and Vali, 1972). Furthermore, PBAPs 

can be pathogens and/or strong allergens, thus being directly related to spreading diseases (e.g., 

tuberculosis, influenza) and causing allergies to humans and pest infestations on crops (e.g., 

black rot, rust) (e.g., Brown & Hovmøller, 2002; Franze et al., 2005; Greenberg, 1997; Lacey 

& Dutkiewicz, 1994; Pöschl & Shiraiwa, 2015; Reinmuth-Selzle et al., 2017). From an 

evolutionary perspective, PBAPs also impact the biodiversity of ecological systems, for 

example by long range transport (Lighthart & Stetzenbach, 1994), where they can be 

transported thousands of kilometers from their source of origin (e.g., Kellogg & Griffin, 2006; 

Prospero et al., 2005). 

 

1.2 Light-induced fluorescence in bioaerosol analysis 

A broad variety of analytical techniques has been used in PBAP detection and characterization, 

and each has specific strengths and limitations depending on the goal of the analysis (e.g., 

Burrows et al., 2009; Després et al., 2012 and references therein). A host of offline techniques 

such as light microscopy, molecular techniques like quantitative polymerase chain reaction 

(qPCR), and cultivation-based methods are used for PBAP quantification (Després et al., 2012 

and references therein). Among other drawbacks, these techniques are generally limited by 
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poor time resolution and labor-intensive, time-consuming, and thus costly laboratory analyses 

(e.g., Agranovski et al., 2004; Griffiths & DeCosemo, 1994; Healy et al., 2012). 

Due to the inherent limitations of traditional offline techniques for PBAP quantification, 

multiple variants of real-time techniques have been established in order to provide higher time 

resolution, low-maintenance, and lowered user costs (e.g., Caruana, 2011; Després et al., 2012; 

Fennelly et al., 2017; Ho, 2002; Huffman and Santarpia, 2017; Jonsson and Tjärnhage, 2014; 

Sodeau and O’Connor, 2016). A promising category of real-time instruments includes light- 

induced fluorescence (LIF) applications. The operation principle of instruments using LIF is 

based on the detection of intrinsic fluorescence derived from fluorophores that are considered 

being associated to PBAPs. Corresponding fluorophores involve numerous groups of 

biological molecules including, e.g., aromatic amino acids, co-enzymes, flavins, biopolymers, 

and chlorophyll (e.g., Hill et al., 2009; Li et al., 1991; Pan et al., 2010; Pöhlker et al., 2012, 

2013). A detailed summary of biological fluorophores associated to PBAPs can be found 

elsewhere (Pöhlker et al., 2012 and references therein). 

Due to the increased utilization of commercially available LIF instruments within the last 

two decades, the number of related peer-reviewed publications is constantly growing, thus 

providing important insights into PBAP cycling within environmental systems (e.g., Fennelly 

et al., 2017; Saari et al., 2015). However, despite the benefits of LIF techniques within 

atmospheric sciences (e.g., fast sampling, size-resolved and fine-scale temporal information on 

single particle scale), instrument operation, data analysis and interpretation inheres significant 

challenges. For example, the definition of a fluorescence detection threshold is a key aspect 

that is essential for any LIF instrument, though, is not a generally valid quantity and varies for 

each instrument individually (e.g., Hernandez et al., 2016; Savage et al., 2017). In addition to 

this complication, some biological fluorophores reveal only weak fluorescence emissions, thus, 

may not rise above a predefined fluorescence detection threshold (Huffman et al., 2012). 

Furthermore, molecular fluorescence characteristics in condensed matter tend to be relatively 

broad and less pronounced for which unambiguous spectroscopic characterization of PBAPs 

proves to be difficult. Additionally, PBAPs are chemically complex, comprising a combination 

of multiple fluorophores in varying quantities of which each compound emit an individual 

spectrum that smears together into a mixed fluorescence emission signal (Hill et al., 2009, 

2015; Pan, 2015). A further difficulty is that many non-biological aerosols (e.g., certain mineral 

dusts, polycyclic aromatic hydrocarbons (PAHs), and combustion related particles) may also 

emit fluorescence thus making the distinction between biological and non-biological-derived 
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fluorescence emissions challenging (e.g., Pöhlker et al., 2012 and references therein; Savage 

et al., 2017). 

 

1.3 Research objectives 

The frontiers of scientific knowledge typically encourage the emergence of novel methods and 

techniques. On a large scale, major methodological inventions have opened large new fields of 

terra incognita in the scientific landscape. In recent years, the evolution of LIF techniques and 

application of advanced analytical strategies (e.g., Crawford et al., 2015; Robinson et al., 2013; 

Ruske et al., 2017; Savage and Huffman, 2018) has expanded our knowledge on spatiotemporal 

patterns of PBAPs in the atmosphere. However, most commonly applied LIF instruments, such 

as the Ultraviolet Aerodynamic Particle Sizer (UV-APS, TSI Inc. Shoreview, MN, USA; e.g., 

Agranovski et al., 2003; Brosseau et al., 2000; Hairston et al., 1997) and the Waveband 

Integrated Bioaerosol Sensor (WIBS, Droplet Measurement Technology (DMT, Longmont, 

CO, USA); e.g., Foot et al., 2008; Kaye et al., 2005, 2000; Stanley et al., 2011)) only provide 

low spectral resolution (1-3 spectrally integrated channels). Consequently, aerosol 

characterization based on spectral fluorescence signatures is likely fundamentally limited. 

Further improvements for PBAP detection and characterization using LIF requires the 

development of instrumentation that provides sufficient properties (e.g., high spectral 

resolution), an in-depth instrument characterization with known standards (Robinson et al., 

2017), and the establishment of standardization strategies for adequate in-field operation. In 

this regard, multiple LIF instruments have been developed that provide analysis of single 

particles using resolved fluorescence information (e.g., Crouzy et al., 2016; Hill et al., 1999; 

Pan et al., 2003, 2010; Pinnick et al., 2004; Ruske et al., 2017). Nevertheless, only little effort 

was spent for a commercialization of instruments of that kind. 

This dissertation addresses the validation, and field application of an instrument – the 

Spectral Intensity Bioaerosol Sensor (SIBS, DMT, Longmont, CO, USA) – that provides 

resolved fluorescence information for the detection and characterization of single airborne 

particles in real-time and thus shows promise for extending the scope of online PBAP 

characterization within environmental systems. The research objectives of this dissertation can 

be summarized as follows: 
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i. Steady-state fluorescence properties of polystyrene latex spheres (PSLs), commonly 

applied for the validation and calibration of LIF instruments, were characterized with 

off- and online spectroscopic techniques. Related results provide important information 

necessary for proper LIF instrument operation, determining fluorescence tresholding 

strategies, and interpretation of fluorescence characteristics (Appendix B.1). 

  

ii. Key functionalities of the SIBS were experimentally validated within a comprehensive 

laboratory study. In this regard, the SIBS was fully characterized with 16 reference 

compounds, critically assessing strengths and limitations of the instrument. 

Fundamental insights of physical and technical properties are broadly beneficial for 

users of multiple variants of LIF instruments commonly used within the bioaerosol 

community (Appendix B.2). 

 

iii. After a detailed instrument characterization under controlled conditions, the reliability 

of the SIBS was proofed during the shipborne Air Quality and Climate Change in the 

Arabian Basin (AQABA) campaign around the Arabian Peninsula. Continuous 

measurements were performed within various environmental scenarios (e.g., clean 

marine air, megacity-influenced air masses, and dust events). Result shown here 

provide valuable insights into Middle Eastern aerosol properties and serve as a proof of 

concept for the SIBS reliability (Appendix B.3). 
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2. Results and conclusions 

2.1 Applicability of PSLs as LIF instrument calibrant 

The determination of a threshold at which a particle is considered being fluorescent is one of 

the most essential aspects when operating instruments that rely on the detection of intrinsic 

fluorescence. Surprisingly, no standardized calibration method exist to this day that is generally 

accepted within the online LIF bioaerosol community. By implication, much of the LIF 

instrument development work and corresponding literature is built on individually defined 

fluorescence tresholding strategies, making instrument intercomparisons highly challenging. 

Non-fluorescent and fluorescent PSLs (doped with a fluorescent dye) are commonly used 

for instrument characterization and calibration within various scientific disciplines. 

Nevertheless, detailed information from manufacturers about PSL properties are rarely 

available or referred to as proprietary information (e.g., types of fluorescent molecules used as 

dye). Consequently, their use as calibrants involve potential challenges and limitations if data 

interpretation requires a comprehensive understanding of both physical and chemical 

properties beyond available manufacturer information. 

By using off- (fluorescence spectroscopy and microscopy) and online (WIBS-4A) 

techniques, it was shown that the “fluorescence landscape” of PSLs reveal a more complex 

multimodal pattern than implied by each manufacturer individually. Hereof, beside a dominant 

emission main mode, generally denoted by each manufacturer, an additional minor mode was 

observed at lower excitation wavelengths (λex= < 300 nm) but within the same emission range as 

the dominant spectral counterpart. Moreover, a third mode was detected for both fluorescent 

and non-fluorescent PSLs that, however, does not correspond to the fluorescent dye embedded, 

but mainly to the polystyrene matrix with a potential minor contribution of detergents generally 

used to prevent coagulation effects of PSLs in aqueous solution. Especially this third mode 

becomes a critical parameter if erroneously termed non-fluorescent PSLs are utilized for the 

determination of the lower fluorescence detection limit. 

PSLs are an essential and easy to apply tool for routinely instrument checks, including, e.g., 

sizing, spectral accuracy, and rough fluorescence intensity validations. However, care has to 

be taken regarding potential batch-to-batch variability and PSL aging effects. Data presented 

in here serve as a community resource, deposited as open access data, providing important 

insights about PSL properties that are necessary for proper instrument operation, validation, 

and interpretation of derived fluorescence information. 
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Further information can be found in Könemann et al., Atmos. Meas. Tech. (2018): 

Characterization of steady-state fluorescence properties of polystyrene latex spheres using off- 

and online spectroscopic methods. (Appendix B.1). 

 

2.2 Validation of the Spectral Intensity Bioaerosol Sensor (SIBS) 

The extensive utilization of LIF instruments for real-time PBAP analyses, both in laboratory 

and ambient studies, has broaden the scope in aerosol research, providing important insights 

into the overall complex field of spatiotemporal dynamics, composition, and abundance of 

PBAPs. Nevertheless, even if more complex data analyses strategies emerged in recent years, 

the depth of details for data derived from most commercially available LIF instruments is 

restricted due to technical and physical reasons (e.g., low spectral resolution and a limited 

fluorescence emission range). 

Introduced here is the SIBS as an online LIF instrument that provides resolved fluorescence 

information (16 detection channels) within a broad emission range (λmean = 302 – 721 nm) at 

two excitation wavelengths (λex = 285 and 370 nm) for single particles in real-time. 

By using PSL and polystyrene divinylbenzene (PS-DVB) standard particles, it was shown 

that the SIBS is capable of sizing particles in a range between 300 nm and 20 µm. In here, the 

lower sizing limit reaches into the accumulation mode and is thus substantially smaller than for 

other LIF instruments such as the WIBS-4A and the UV-APS. 

A detailed investigation of photomultiplier (PMT) responses and the development of a 

custom spectral correction, it was confirmed that the SIBS is capable of detecting relatively 

low fluorescence emissions from particles as small as ~ 0.5 µm, whereas the spectral correction 

was shown to be necessary to utilize the full spectral detection range. For example, it was 

shown that the disuse of a spectral correction resulted in a significant loss of PMT sensitivity 

within the lower and upper detectable emission range, limiting the sufficient detection of, e.g., 

tryptophan and chlorophyll-like signatures.   

To verify the spectral accuracy of the SIBS, 16 reference compounds were measured 

including fluorescent PSLs, seven pure biofluorophores that are generally associated to PBAP 

emissions (tyrosine, tryptophan, NAD (nicotinamide adenine dinucleotide), riboflavin, 

chlorophyll a and b, and bacteriochlorophyll), and Saccharomyces cerevisiae (baker’s yeast) 

as a PBAP representative. It was confirmed that the SIBS can sufficiently distinguish major 

fluorescence modes using two excitation wavelengths and a broad detectable emission range, 

whereas recorded spectra are consistent with data derived from an offline spectrometer that 
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was additionally operated during the current study. Moreover, the SIBS was able to spectrally 

distinguish between bacteriochlorophyll and chlorophyll a/b, which presents a unique feature 

in terms of detecting PBAPs such as algae or chlorophyll containing bacteria (e.g., 

cyanobacteria). 

The asymmetry factor (AF), referred to a rough particle morphology indicator, performed 

poorly, only providing limited information, which reflects observations of earlier studies 

addressing AF accuracy for instruments using a similar optical setup. Results in this current 

study underline the need for further development of AF measurements, furthermore suggest 

interpreting corresponding data only with great care. 

The reliability of the SIBS was confirmed during initial ambient measurements, involving 

characteristic fluorescence spectra on single-particle scale. In addition, fluorescence fractions 

in the particle coarse mode (≥ 1µm) showed overall values of ~4 % and thus agrees well with 

previous results in comparable environments utilizing a UV-APS and WIBS-4A. 

For details, see: Könemann et al., Atmos. Meas. Tech. (2019): Spectral Intensity Bioaerosol 

Sensor (SIBS): An Instrument for Spectrally Resolved Fluorescence Detection of Single 

Particles in Real-Time (Appendix B.2). 

 

2.3 Analysis of SIBS single particle fluorescence spectra during AQABA 

After a comprehensive laboratory assessment, the SIBS was operated during the shipborne Air 

Quality and Climate Change in the Arabian Basin (AQABA) campaign, addressing biological 

and non-biological aerosols in the Middle East. During June to September 2017, the research 

vessel navigated from southern France across the Mediterranean and the Red Sea to Kuwait 

and back around the Arabian Peninsula. The SIBS continuously measured airborne particles 

during various environmental scenarios, covering strongly polluted areas, clean marine air, 

increased atmospheric dust loads, and petrochemical pollution. The current study presents a 

unique dataset obtained in an area that is mostly unexplored in terms of online LIF 

measurements. 

The geospatial variability during AQABA was shown to be reflected by aerosol properties 

recorded by the SIBS. For example, fluorescent particle fractions (coarse mode; ≥ 1µm) 

revealed a broad distribution, ranging from < 1 % during dust events and within relatively clean 

marine environments, to occasionally > 15 % within moderate to strongly polluted areas. In 

this regard, no evidence was found that increased atmospheric dust loads significantly affect 

fluorescent aerosol particle (FAP) abundances. On average, fluorescent particle fractions 

ranged below 3 % and are thus expectably low in an arid to semi-arid environment.           
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A hierarchical agglomerative clustering (HAC) approach was used for analyzing more than 

half a million fluorescent coarse mode particles. Hereof, the HAC performance was shown to 

provide a reasonable separation of different spectral clusters. The aim of this study is based on 

a deliberate interpretation of a general set of clusters that provide sufficient spectral information 

for a further characterization. In this regard, cluster characteristics were compared to 

independent aerosol and gas phase measurements performed during AQABA. 

In comparison to measurements of PAHs, off-line spectroscopic measurements, and data 

reported in literature, the spectral characteristic of a UV emission cluster indicated a potential 

contribution of pyrene and naphthalene in the Suze Canal and the harbor of Jeddah. In addition, 

spatiotemporal patterns and spectral characteristics pointed towards a potential contamination 

of oil spill-derived petroleum hydrocarbons in the Arabian Gulf. 

A cluster that refers to emissions in a blue to green spectral range (including co-enzyme 

and flavin-like signatures) might include a potential PBAP contribution. Hereof, 

spatiotemporal patterns were shown to be affected by regions with, e.g., increased population 

densities, agriculture, and vegetation, whereas abundances rapidly decreased in relatively clean 

environments. 

Spatiotemporal patterns of a red emission cluster revealed positive correlations to 

individually measured dimethyl sulfide (DMS) concentrations (a marker for phytoplankton 

abundances) and remote-sensing chlorophyll patterns around the Arabian Peninsula. Results 

suggest that the SIBS might be capable of detecting chlorophyll signatures derived from, e.g., 

airborne algae or cyanobacteria. 

Lastly, spectral signatures of a separate cluster were shown to agree well with data reported 

in literature for calcite fluorescence emissions, furthermore is in line with backward trajectory 

analyses for soil type classification of related sampling timeframes. As a result, the 

corresponding cluster was characterized as a mineral-derived fluorescence cluster. 

Data discussed in this study serve as a proof of concept for the reliable performance of the 

SIBS for ambient measurements. Furthermore, the benefits of the utilization of spectrally 

resolved fluorescence information are highlighted and proofed to provide a depth of detail 

generally not achievable with instruments that rely on unresolved fluorescence detection. In 

addition, this study underline how careful LIF-derived data has to be interpreted in terms of 

potential interferences. 

Further details are presented in Könemann et al., to be submitted (2019): Analysis of 

online measured single aerosol particle fluorescence spectra during the AQABA research 

cruise around the Arabian Peninsula (Appendix B.3). 
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Figure S1. Excitation-emission matrix of selected PSLs showing multimodal steady-state 

fluorescence signatures. 
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Figure S2. Excitation-emission matrix of 2.0 µm non-fluorescent PSLs. 
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Figure S3. PSL size vs. fluorescence intensity. (A) shows the microscopy-based, size-

dependent fluorescence intensity of 2.1 µm Blue, (B) of 2.0 µm Green PSLs using a power law 

fit I = A + BDy.
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Table S1. Summary of physical properties of Polystyrene latex spheres (PSLs) and 

polystyrene-divenylbenzene particles (PS-DVB) used in this study. Stated properties are taken 

from manufacturer information. SD: Standard deviation, RI: Refraction index at 589 nm and 

25˚C. 

 

 

 

 

 

 

 

 

 

 

Diameter 

(µm) 
SD (µm) Confidence RI Material Color / Dye λex/λem (nm) Provider 

Catalog 

code 

0.3 0.0148 CV= 5.1% 1.59 PSL Nonfluorescent Nonfluorescent Polysciences Inc. 64015 

0.356 0.014 CV= 3.9% 1.59 PSL Nonfluorescent Nonfluorescent Polysciences Inc. 64016 
0.4 0.0073 CV= 1.8% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 3400A 

0.5 0.0079 CV= 1.6% 1.59 PSL Nonfluorescent Nonfluorescent 
Duke Scientific 

Corporation 
3500A 

0.53 N/A N/A 1.59 PSL 
Plum Purple / 

Proprietary 
360 / 420 Bangs Laboratories Inc. FS03F 

0.6 0.010 CV= 1.7% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 3600A 
0.7 0.0083 CV= 1.2% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 3700A 

0.8 0.0083 CV= 1% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 3800A 

0.9 0.0041 CV= 0.5% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 3900A 

1 0.010 CV = 1.0% 1.59 PSL Nonfluorescent Nonfluorescent 
Duke Scientific 

Corporation 
4009A 

1.6 0.020 CV= 1.3 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 4016A 
2 0.021 CV= 1.0% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 4202A 

2 N/A CV= < 5% 1.59 PSL 
Red / Firefli™ 

Fluorescent Red 
542 / 612 Thermo-Fisher R0200 

2 N/A CV= < 5% 1.59 PSL 
Green / Firefli™ 

Fluorescent Green 
468 / 508 Thermo-Fisher G0200 

2 N/A CV= < 5% 1.59 PSL 
Blue / Firefli™ 
Fluorescent Blue 

368,388,412 / 
445, 445, 473 

Thermo-Fisher B0200B 

2.07 0.15 N/A 1.59 PSL 
Plum Purple / 

Proprietary 
360 / 420 Bangs Laboratories Inc. FS05F 

3 0.032 CV=1.1% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 4203A 

4 0.04 CV = 1.0% 1.59 PSL Nonfluorescent Nonfluorescent Thermo-Fisher 4204A 

4.52 0.15 CV = 3.0% 1.59 PSL Nonfluorescent Nonfluorescent Polysciences Inc. 17135 
5 0.6 CV=11% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-05 

7 0.7 CV= 10% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-07 

8 0.8 CV= 10% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-08 
10 0.9 CV=9.2% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-10 

15 1.8 CV=11% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-15 

20 1.7 CV=8.9% 1.59 PS-DVB Nonfluorescent Nonfluorescent Thermo-Fisher DC-20 
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Table S2. Summary of reference particles used within this study. All biofluorophores, iron 

oxide (Fe3O4), and carbon nanotubes were purchased from Sigma-Aldrich, St. Louis, MO, 

USA. Ammonium sulfate was purchased from Fisher Scientific, Hampton, NH, USA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reference particles CAS no. 

Bacteriochlorophyll 17499-98-8 

Chlorophyll a 479-61-8 

Chlorophyll b 519-62-0 

NAD 606-68-8 

Riboflavin 83-88-5 

Tryptophan 73-22-3 

Tyrosine 556-02-5 

Fe3O4 1317-61-9 

Carbon nanotubes 308068-56-6 

Ammonium sulfate 7783-20-2 
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Figure S1. Normalized and averaged calibration lamp spectra. In (a), the spectrum of a 

deuterium-halogen lamp (DH-Mini, Ocean Optics) is shown, in (b) the spectra of a halogen 

projector lamp (EHJ 24V250W, Ushio), both measured with the Dual-FL spectrometer 

(Horiba). 
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Figure S2. Technical components within SIBS body. (1) Optical cavity. (2) Continuous wave 

diode laser used for particle detection and sizing. (3) and (4) Xenon light sources. (5) Quadrant 

PMT used for the determination of particle asymmetry. (6) PMT used for particle detection and 

sizing. (7) Dichroic beamsplitter separates side-scattered light (particle sizing) and 

fluorescence emission (not visible; below component (6)). (8) Grating polychromator (below 

component (10)). (9) 16-channel PMT used for detection of fluorescence. (10) Embedded 

computer unit. (11) Control-board. 
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Figure S3. Transmission and reflection efficiency of the dichroic beam splitter. The beam 

splitter transmits fluorescence emission (black line) to the grating polychromator and reflects 

scattering light (blue line) to the particle sizing- and detection PMT. (Data courtesy: Semrock). 
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Figure S4. “Single Particle” tab of the SIBS user interface. 
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Figure S5. Corrected fluorescence emission of S. cerevisiae and 0.53 µm purple PSLs. Steady-

state fluorescence signatures displayed as EEMs (left column) and spectra at Xe1 and Xe2 

(middle, right columns) for S. cerevisiae (a, b, c, size range between 4 - 10 µm, 1057 particles), 

and 0.53 µm purple PSLs (d, e, f, 5260 particles). Within EEMs: white dashed lines show SIBS 

excitation wavelengths (λex = 285 and 370 nm), gray diagonal lines indicate first- and second-

order elastic scattering bands (both bands were subtracted automatically by the Aqualog V3.6 

software). Red dashed lines and markers (right axes; middle, right columns) are averaged and 

re-binned reference spectra. 
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Figure S6. Fluorescence signatures of non-fluorescent particles. Highlighted are EEMs (left 

column) and spectra at Xe1 and Xe2 (middle, right columns) for 10 µm (a, b, c, uncorrected, 

367 particles) and 15 µm (d, e, f, uncorrected, 400 particles) PS-DVB particles, and 3 µm PSLs 

(g, h, i, corrected, 2396 particles). Red dashed lines and markers (right axes; middle, right 

columns) are averaged and re-binned reference spectra. 
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Figure S7. Normalized cathode radiant sensitivity of the PMT and diffraction efficiency of the 

grating. The cathode radiant sensitivity multiplied by the diffraction efficiency results in the 

theoretical detector responsivity shown in Figure 6. (Data courtesy: Hamamatsu). 
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Figure S8. Uncorrected fluorescence spectra of tryptophan at Xe1 in a size range between 1 – 

2 µm. Red dashed line and markers (right axes) are averaged and re-binned reference spectra. 
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Figure S9. Dry vs. solvated. Shown are reference spectra for NAD (a) and riboflavin (b) in 

dry and solvated state. Data coinciding with second-order elastic scattering were removed (a 

and b, red solid line). Peak maxima: NAD (dry): ~448 nm, NAD (solvated): ~463 nm, 

riboflavin (dry): ~572 nm, riboflavin (solvated): ~535 nm. 
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Figure S10. Fluorescence spectra of different chlorophyll types. Shown are reference spectra 

for chlorophyll a, b, and bacteriochlorophyll at λex = 370 nm. 
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Figure S11. Fluorescence spectra of ethanol artefact. Highlighted are fluorescence spectra of 

bacteriochlorophyll at Xe1 (a) and uncorrected spectra of ethanol, after being vortexed for 15 

min in nebulizer plastic bottles, at Xe1 (b) and Xe2 (c). Red dashed lines and markers (right 

axes) are averaged and re-binned reference spectra. Since no distinct fluorescence signal is 

detectable at Xe2 (c), the fluorescence emission of chlorophyll a, b and bacteriochlorophyll is 

considered to be unaffected. 
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Figure S12. Particle asymmetry of ultrapure water droplets (163178 particles) displayed as 

particle density histogram. 
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Figure S13. Exemplary fluorescence spectra of single ambient particles at Xe1 (a) and Xe2 

(b).
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Abstract 

Instruments that rely on the detection of intrinsic fluorescence are commonly applied for online 

analysis of primary biological aerosol particles (PBAPs), such as airborne bacteria and fungal 

spores. However, the utilization of LIF (light-induced fluorescence) instruments still involves 

considerable challenges and uncertainties. As a result, new generations of LIF instruments are 

being developed that provide increased information per particle to improve classification 

strategies. This study highlights ambient measurements using a Spectral Intensity Bioaerosol 

Sensor (SIBS), which provides spectrally resolved fluorescence information from single 

particles and thus shows promise to enhance PBAP quantification and classification. 

The SIBS performed continuous online particle measurements during the shipborne Air 

Quality and Climate Change in the Arabian Basin (AQABA) campaign. The determination of 

major spectral clusters, by using a hierarchical agglomerative clustering (HAC) approach, was 

supported by geospatial trends in variable environments during AQABA. The HAC strategy 

was shown to effectively separate 11 clusters that can be distinguished based on fluorescence 

patterns. To reduce data complexity, resulting clusters were grouped into four major clusters 

by using spectral and spatiotemporal similarities. The fluorescence-based particle type 

classification was supported by comparison to gas phase and aerosol composition 

measurements. Specifically, abundances of two ultraviolet emission clusters correlated in time 

with polycyclic aromatic hydrocarbon (PAH) concentrations, furthermore revealing pyrene and 

naphthalene-like spectral signatures. The geospatial analysis of three clusters that might be 

influenced by PBAP contributions corresponded to regions with, e.g., increased population 

densities and vegetated areas. Additionally, three clusters that uniquely refer to emissions in a 

red spectral range were shown to correlate to dimethyl sulfide (DMS) concentrations, used as 

a marker for phytoplankton abundance. Correlation of the concentrations of those clusters with 

satellite-derived chlorophyll patterns further support the assumption that the SIBS was capable 

of detecting chlorophyll-containing aerosols. Lastly, one cluster was assigned as a mineral dust 

cluster, agreeing well with fluorescence signatures of certain minerals reported in literature and 

geographic information system data for soil type classification. 

This study serves as a proof of concept for the overall SIBS performance and presents 

valuable insights into Middle Eastern coarse mode aerosol properties. Furthermore, this study 

provides a evaluation of a feasible data clustering strategy using single particle fluorescence 

spectra. The characterization and interpretation of a set of major spectral clusters present a 

basic framework for prospective studies. In addition, it was verified that the SIBS has the 

potential to increase the selectivity for ambient particle classification. 
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1. Introduction 

Primary biological aerosol particles (PBAPs), commonly denoted bioaerosols, are a diverse 

subset of aerosols of biological origin, including both viable and non-viable agents such as 

viruses, bacteria, fungal spores, algae, pollen, and decaying biomass, spanning a broad range 

of sizes from a few nanometers (e.g., proteins) to hundreds of micrometers (e.g., pollen) (e.g., 

Andreae and Crutzen, 1997; Després et al., 2012b; Fröhlich-Nowoisky et al., n.d.; Gregory, 

1978; Madelin, 1994; Simoneit and Mazurek, 1982). A detailed description of PBAP classes 

found in the atmosphere is given elsewhere (Després et al., 2012 and references therein). 

Coarse mode (> 1 µm) PBAP fractions vary substantially within different geospatial 

environments (e.g., ~30 % in rural/urban air, up to ~80 % in a tropical rain forest environment), 

nevertheless, represent only a minor fraction of the total aerosol load in the atmosphere on a 

global scale (e.g., Després et al., 2012 and references therein; Fröhlich-Nowoisky et al., 2016 

and references therein; Hock et al., 2008; Huffman et al., 2013; Jaenicke, 2005; Monks et al., 

2009; Pöschl et al., 2010). However, on local and regional scales, their potential influence on 

(i) aerosol-cloud interactions, (ii) health aspects, and (iii) spread of organisms has led to a 

growing interest in the scientific community (e.g., Després et al., 2012; Fröhlich-Nowoisky et 

al., 2016; Pöschl, 2005; Šantl-Temkiv et al., 2019; Yao, 2018). In this regard, PBAPs are able 

to influence the formation and development of clouds and precipitation, be pathogens and/or 

strong allergens, and impact the biodiversity of ecological systems due to long-range transport 

(e.g., Brown and Hovmøller, 2002; Despres et al., 2007; Kellogg and Griffin, 2006; Lacey and 

Dutkiewicz, 1994; Lighthart and Stetzenbach, 1994; Möhler et al., 2007; Morris et al., 2004; 

Pöschl and Shiraiwa, 2015; Reinmuth-Selzle et al., 2017; Schnell and Vali, 1976, 1972; Sofiev 

et al., 2006). 

The detection and characterization of atmospheric PBAPs is highly challenging due to the 

lack of standardized measurement techniques and the overall complexity of PBAP composition 

and diversity in environmental systems. In the past, most techniques for PBAP quantification 

comprised offline methods such as microscopy and cultivation-based methods with low time 

and particle size resolution, which oftentimes require time-consuming and costly laboratory 

analyses (e.g., Agranovski et al., 2004; Burrows et al., 2009; Griffiths and DeCosemo, 1994). 

To compensate for drawbacks related to offline techniques, several online approaches have 

been developed within the last decades, providing high time and size resolution in real-time 

and lowered user costs concurrently (e.g., Després et al., 2012; Fennelly et al., 2017; Huffman 

et al., 2019; Huffman and Santarpia, 2017; Jonsson and Tjärnhage, 2014; Sodeau and 

O’Connor, 2016). Beside techniques such as aerosol mass spectrometry (AMS) and Raman 
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spectroscopy (e.g., Fergenson et al., 2004; Kleefsman et al., 2007; Redding et al., 2015; 

Russell, 2009; Sengupta et al., 2007), one promising online instrument category uses light-

induced fluorescence (LIF) for the detection of PBAPs in real-time, providing additional 

insights into PBAP cycling and, thus, increased the attention within the bioaerosol community 

(e.g., Chen et al., 1996; Hairston et al., 1997; Healy et al., 2012; Hill et al., 1999; Huffman et 

al., 2010; Kaye et al., 2005; Pan et al., 2011; Pinnick et al., 1995). The working principle of 

LIF-instruments is the detection of intrinsic fluorescence, also referred to as autofluorescence, 

of biological molecules considered to be associated with PBAPs (e.g., aromatic amino acids, 

co-enzymes, flavin compounds, and biopolymers) (e.g., Eng et al., 1989; Harrison and Chance, 

1970; Hill et al., 2009; Li et al., 1991). A comprehensive overview of biofluorophores related 

to PBAPs can be found elsewhere (Pöhlker et al., 2012). The benefits of LIF instruments 

include, e.g., fast, non-invasive, size-resolved sampling and fine-scale temporal information of 

single particles in real-time. However, LIF data analyses and interpretation is often limited due 

to, e.g., rather low PBAP fluorescence intensities, relatively broad emission spectra, and 

limited spectral resolution (e.g., Hernandez et al., 2016; Hill et al., 2009, 2015; Huffman et al., 

2012; Pan, 2015; Savage et al., 2017). In addition, fluorescence emission does not uniquely 

refer to PBAPs, meaning that other non-biological aerosols (e.g., polycyclic aromatic 

hydrocarbons (PAHs), certain mineral dusts, combustion particles) do fluoresce as well, thus, 

contributing to total fluorescent aerosol particle (FAP) concentrations (e.g., Gabey et al., 2010; 

Huffman et al., 2012; Pöhlker et al., 2012; Saari et al., 2013; Savage et al., 2017). 

The extensive utilization of LIF instruments in various disciplines within atmospheric 

sciences results in a growing number of peer-reviewed publications, providing important 

insights into FAP and PBAP cycling on global and local scales. Overviews of atmospheric 

measurements using commercial LIF instruments, conducted within the last ~20 years, are 

given elsewhere (e.g., Fennelly et al., 2017; Saari et al., 2015). Despite the progress within 

recent years, most commercially available LIF instruments provide only low spectral resolution 

(1-3 integrated channels) limiting the interpretation of fluorescence information. As a result, 

commercial instruments are recently emerging that provide higher spectral resolution, thus 

having the potential to broaden the scope of FAP and PBAP classification (e.g., Crouzy et al., 

2016; Könemann et al., 2019; Šaulienė et al., 2019).  

In comparison to the growing number of ambient LIF datasets recorded in various 

environments, regions such as the Middle East received only little attention in this particular 

field of research. The Middle East represents a hot and arid region with only sparse vegetation, 

being considered to be one of the most water-scarce regions worldwide (Terink et al., 2013). 
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Environmental conditions are diverse and range from, e.g., near-pristine and unpolluted but 

dusty, to moderately and strongly polluted due to areas with high population density (e.g., Issar 

and Zohar, 2004; Lelieveld et al., 2012). Today, this region in particular is considered to be a 

hot-spot of climate change, resulting in numerous research studies addressing topics such as 

heat extremes, air pollution, and dust transport (e.g., Goudie and Middleton, 2001; Harrison et 

al., 2016; Jish Prakash et al., 2015; Klingmüller et al., 2016; Lelieveld et al., 2012, 2014; Pease 

et al., 1998; Terink et al., 2013). Atmospheric PBAP concentrations can be expected to be 

comparably low in contrast to regions with, e.g., abundant vegetation and less environmental 

stresses, whereas mineral dust and sea salt potentially dominate overall aerosol compositions 

in the coarse mode. However, PBAP emission from, e.g., marine environments, anthropogenic 

sources or attached to mineral dusts (e.g., Goudarzi et al., 2014; Hallar et al., 2011; Prospero 

et al., 2005; Smith et al., 2011; Soleimani et al., 2016) may play an important role on diverse 

atmospheric processes in this region.   

This study discusses the application of the Spectral Intensity Bioaerosol Sensor (SIBS, 

DMT, Longmont, CO, USA), an online LIF instrument for real-time detection of individual 

particles using size and spectrally resolved fluorescence information, which was utilized during 

the Air Quality and Climate Change in the Arabian Basin (AQABA) ship campaign around the 

Arabian Peninsula in 2017. A hierarchical agglomerative clustering (HAC) approach was 

applied for the analyses of fluorescent coarse particles (≥ 1 µm), measured within a wide 

variety of environmental conditions in the Middle East. Shipborne measurements were taken 

in different scenarios such as clean marine air, petrochemical pollution, megacity-influenced 

air masses, and dust from different main sources within the Middle Eastern “dust belt”, thus, 

providing a unique dataset from a region that is mostly unexplored in regard to online LIF 

measurements. 

 

2. Materials and methods 

2.1 The AQABA campaign 

The shipborne AQABA campaign represents a comprehensive gas-phase and aerosol 

measurement campaign on board of the research and survey vessel “Kommandor Iona” (Hays 

Ships Ltd., Portlethen, AB, UK) (Fig. 1a) on which most measurements were performed in five 

laboratory containers installed on the main deck of the vessel (Bourtsoukidis et al., 2019). 

Measurements were conducted between 25 Jun and 3 Sep 2017, starting in La Seyne-sur-Mer 

(southern France), across the Mediterranean Sea and the Red Sea, to Kuwait, and back around 

the Arabian Peninsula to the port of registry in La Seyne-sur-Mer (Fig. 1b). 
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2.2 SIBS operation 

The SIBS uses (i) optical sizing, detecting particles in a size range between ~0.3-20 µm, (ii) 

spectrally resolved fluorescence (λem = 302 – 721 nm) at two excitation wavelengths (Xe1: λex 

= 285 nm; Xe2: λex = 370 nm), and (iii) particle asymmetry factor (AF) information (rough 

indicator for particle shape) for the characterization of single particles. The functional concept 

is closely related to the optical design of the latest models of the Wideband Integrated 

Bioaerosol Sensor (WIBS, Droplet Measurement Technologies (DMT, Longmont, CO, USA)) 

(e.g., O’Connor et al., 2013; Perring et al., 2015; Savage et al., 2017; Toprak and Schnaiter, 

2013). However, The SIBS includes significant modifications, which result in a broader 

detectable emission range, resolved fluorescence information, and a lower particle size 

detection limit (0.3 µm). A detailed description of the SIBS is given in Könemann et al., (2019). 

Prior to the AQABA campaign, the performance of the SIBS was verified using fluorescent 

and non-fluorescent polystyrene latex spheres (PSLs) (Könemann et al., 2018, 2019). Sizing 

was validated using 0.5, 1, and 3 µm non-fluorescent PSLs, whereas a fluorescence response 

test was performed using 2 µm blue, green, and red fluorescent PSLs. All PSLs were purchased 

from Thermo Fisher (Waltham, MA, USA). The lower sizing limit was set to 0.5 µm with a 

photomultiplier tube (PMT) amplification voltage of 610 V. This particular choice of PMT 

voltage was based on results described in Könemann et al. (2019), showing that an 

amplification voltage of 610 V corresponds to the lowest acceptable signal-to-noise ratio, 

allowing the detection of fluorescence emission from particles as small as 0.5 µm. 

Simultaneously, detector saturation events, caused by larger fluorescent particles, are 

considered to be minimized. 

 

2.3 Setup for aerosol analysis 

SIBS measurements were conducted on the wheelhouse top (compass platform above the 

bridge), directly under the radar mast (Fig. 1a) in an air-conditioned outdoor housing (Delvalle 

Box, Oyon, Spain). Besides the SIBS, an ultrafine condensation particle counter (CPC, Model 

3776, TSI) was operated to measure particle concentrations in a size range between ~2.5 nm – 

1 µm. Within the air-conditioned outdoor housing, all instrument inlets were connected to a 

sample airflow splitter (Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany) with 

stainless steel tubing (6.35 mm diameter; Dockweiler AG, Neustadt-Glewe, Germany) and 

smoothly bend electrically conductive rubber tubing (6.35 mm diameter) to reduce potential 

particle losses. The sample airflow splitter was connected to 2.3 m stainless steel tubing (6.35 

mm diameter; Dockweiler AG), which led out the outdoor housing, reaching a custom-made 
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total suspended particles head (TSP) in approximately 5 m height above the upper deck. 

Overall, the inlet head was about 25 m above the water surface. The inlet structure was 

connected to a retaining pole for vertical stability. Overall, the inlet was designed as vertical 

and free of bends as possible to reduce impaction losses of coarse mode particles. The total 

sample flow of all instruments was ~4 l min-1 and was considered to be laminar according to 

prior inlet calculations, using the software “Particle Loss Calculator” (Von der Weiden et al., 

2009). Slightly below the TSP head, additional 8 l min-1 were bypassed with a membrane pump 

(ME 4, Vacuubrand GmBH + CO KG, Wertheim, Germany) to improve the inlet aspiration 

efficiency. The bypass flow was controlled using a mass flow controller (D-6341-FGD, 

Bronkhorst High-Tech B.V., Ruurlo, Netherlands). Within the inlet line, a diffusion dryer (1 m 

length, 1 kg silica capacity) was installed slightly above the roof of the outdoor housing. Silica 

was changed when relative humidity (RH) values within the sample flow exceeded ~35 %. For 

this purpose, a temperature and RH sensor (MSR 145 data logger, MSR Electronics GmbH, 

Seuzach, Switzerland) was implemented within the inlet of the CPC, marginally reaching into 

the sample flow, and continuously monitoring RH and temperature at 1 Hz. An additional 

sensor monitored the temperature within the outdoor housing. During the AQABA campaign, 

average RH values of 15.1 ± 10.8 % (1σ standard deviation (SD)) and temperature values of 

31.3 ± 1.1 °C where measured within the sample flow, whereas temperatures within the outdoor 

housing were on average 30.5 ± 2.8 °C. 

 

2.4 SIBS data processing 

Background signal measurements (active xenon excitation in the absence of particles), also 

referred to as “forced trigger mode”, were performed on a daily basis. For this purpose, the 

internal diaphragm pump of the SIBS was turned off and the inlet was clogged to avoid that 

particles, accidentally, traverse the scattering volume within the optical cavity. Each 

background signal measurement was recorded over a duration of 5 min and 100 xenon shots 

per min. Subsequently, the averaged background signal (+ 3σ SD) was subtracted from derived 

single particle fluorescence emission. A slight increase of background signal intensity (~6 % 

on average at λex = 285 nm) was observed from 28 Jul onwards, directly after major 

maintenance of the complete measurement setup over the Arabian Gulf, also referred to as 

Persian Gulf. However, changes of background signal intensity of this order can be treated as 

negligible. 

The 16 fluorescence detection channels of the SIBS show individual wavelength-dependent 

responsivity and amplification characteristics which might result in misleading spectral 
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information if they are left spectrally uncorrected. Consequently, individual correction factors 

for each detection channel were calculated prior to the AQABA campaign, as described in 

Könemann et al. (2019). The background signal and raw particle spectra were multiplied by 

corresponding correction factors prior to subsequent data analyses. SIBS data were processed 

and analyzed using Igor Pro (Version 7 and 8; Wavemetrics, Lake Oswego, OR, USA). 

Some non-biological particle types and particle components (e.g., soot and PAHs) are 

known to fluoresce, therefore, may result in raised false-positive rates when using LIF 

instruments for environmental studies (e.g., Campbell et al., 2005; Pan, 2015; Pan et al., 1999; 

Pöhlker et al., 2012; Savage et al., 2017). Because performed measurements during the 

AQABA campaign were occasionally affected by exhaust emissions from the research vessel, 

related measurement periods have been discarded within subsequent data analyses to minimize 

potential interferences from particles related to fuel combustion. A measurement period was 

considered as contaminated if three criteria were fulfilled simultaneously: (i) increased CPC 

particle concentrations, (ii) increased SIBS particle concentrations, and (iii) wind direction 

measured at 180° (± 10°). In contrast, the assignment of exhaust plumes derived from other 

vessels is rather difficult and cannot be identified using the filtering criteria as described above. 

However, combustion related particles are mostly a major contributor to fine mode (< 1 µm) 

particle load, for which their influence within coarse mode particle fractions (≥ 1 µm) can be 

considered as low (e.g., Huffman et al., 2010; Okada and Matsunuma, 1974). 

In addition to the exhaust filter, also measurement periods with an increased potential for 

contaminations were discarded from the dataset. Those periods include background signal 

measurements, maintenance, silica gel changes, and periods with increased activity of 

personnel on the wheelhouse top. 

 

2.5 Clustering strategy for SIBS data 

Within this study, a HAC approach was used similar to clustering strategies and 

recommendations as discussed in multiple studies using LIF for bioaerosol detection and 

characterization (e.g., Crawford et al., 2015; Forde et al., 2019; Robinson et al., 2013; Ruske 

et al., 2017; Savage and Huffman, 2018). Here, we used the R package “fastcluster” (Müllner, 

2013), implementing Ward’s method (Ward Jr, 1963) for the differentiation of ambient 

particles based on spectrally resolved fluorescence information. A detailed description of the 

“fastcluster” package and implemented methods can be found elsewhere (Müllner, 2011, 

2013). Unsupervised HAC defines clusters in an agglomerative mode in which each data point 

is initially described as an individual cluster, subsequently merging clusters with highest 
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similarity until each data point is allocated to a multi-membered cluster (Jain, 2010; Kaufman 

and Rousseeuw, 2009). Ward’s method is a special case criterion in hierarchical clustering 

approaches where the choice of clusters to merge is based on minimizing the increase in inner 

cluster variance (Müllner, 2011). The implementation of the Ward’s method in the “fastcluster” 

package was found to provide reasonable results when analyzing WIBS-derived laboratory and 

ambient data (e.g., Crawford et al., 2015, 2016, 2017; Gosselin et al., 2016; Ruske et al., 2018; 

Savage and Huffman, 2018). In contrast to the 29 bin spectral information the SIBS provides, 

WIBS-derived data are commonly categorized by the “ABC” classification nomenclature as 

described in Perring et al. (2015). Here, particles are categorized based on fluorescence patterns 

within the three integrated WIBS detection channels A (λex =  280 nm, λem =  310-400  nm), B 

(λex =  280 nm, λem =  420-650  nm), and C (λex =  370 nm, λem =  420-650  nm). As a result, 

particles can be categorized into seven spectral combinations (A, B, C, AB, AC, BC, and ABC). 

An ambient dataset encompasses heterogeneous aerosols with varying physical and 

chemical properties. Hence, fluorescence intensities can cover broad ranges spanning over 

several orders of magnitude. Because the current study aims to cluster particles based on 

spectral signatures solely, corresponding fluorescence intensities were normalized to avoid 

potential clustering biases. Within this study, data were normalized by scaling (each data point 

divided by SD of respective spectra), which was shown to perform reasonably well, providing 

multiple spectrally distinguishable clusters with low inner-cluster spectral variability. Unlike 

stated in multiple studies using HAC for WIBS data (e.g., Crawford et al., 2015, 2016, 2017; 

Forde et al., 2019; Savage and Huffman, 2018), the application of a z-score normalization – 

subtraction of mean value (centering) and division by SD (scaling) – on spectrally resolved 

fluorescence data performed only poorly. In this respect, the majority of the dataset was 

grouped into one large cluster with only indefinite spectral information. 

Data used for subsequent HAC analyses only included particles that exceeded an averaged 

background signal (+ 3σ SD) fluorescence threshold and a minimum of two consecutive 

fluorescence signals along all detection channels. By using this filtering approach, it was shown 

previously that SIBS-derived ambient coarse mode FAP concentrations and fractions were 

consistent with results from earlier LIF studies performed in comparable environments 

(Könemann et al., 2019). The first three detection channels at λex= 370 nm (Xe2) were omitted 

because the detectable emission range is below the excitation wavelength (λmean = 302.2 - 359 

nm). Thus, the detection of fluorescence emission begins in channel 4 (λmean = 387.3 nm) for 

Xe2 excitation. Detector saturation, caused by highly fluorescent particles, was only observed 

for a negligible number of events (< 20 particles), however, corresponding particles were 
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excluded from the dataset. By discarding non-fluorescent particles and particles saturating the 

detector, this study follows suggestions as discussed in Ruske et al. (2017), where it was shown 

that the preceding removal of both particle types resulted in a better clustering performance. 

Fine mode1 particle sizes < 1 µm were excluded from the dataset to minimize potential 

interferences from, e.g., diesel soot. Furthermore, it was shown that the relationship between 

fluorescence intensity and particle size can be described by a power law fit (typically with 2nd 

to 3rd power) (e.g., Hill et al., 2001, 2015; Könemann et al., 2018; Sivaprakasam et al., 2011; 

Swanson and Huffman, 2018), resulting in increasing fluorescence intensities with increasing 

particle size. By implication, fluorescent fine mode particles would potentially be grouped into 

a large cluster, due to their high number concentrations compared to the coarse mode fraction, 

with a rather low fluorescence intensity signature (Robinson et al., 2013). For reasons of 

simplification and to evaluate the HAC performance by using fluorescence signatures alone, 

particle sizes and AF information were excluded from the input data and thus do not influence 

the clustering process. 

In summary, the final dataset for HAC analyses consisted of > 0.66 million fluorescent 

particles fulfilling the following criteria: 

 

i. Particle size ≥ 1 µm 

ii. Only particles are included that did not saturate the detector 

iii. Fluorescence emission above a 3σ intensity threshold 

iv. A minimum of two spectrally consecutive fluorescence emission signals 

 

HAC-based methods are computation-intensive with a quadratic to cubic increase of 

computation time with increasing number of data points, which becomes a critical factor for 

the calculation of large datasets. Because the dataset described above includes more than half 

a million particles with 29 bin spectral information each, HAC approaches cannot be performed 

on conventional computing systems. Hereof, compiling and processing of the Euclidian 

distance matrix is the most computation-intensive step. Thus, corresponding calculations were 

performed on the supercomputer HLRE-3 “Mistral” at the DKRZ (Deutsches 

Klimarechenzentrum) in Hamburg, Germany (https://www.dkrz.de/systems/hpc/hlre-3-

mistral; last access March 2019), whereas statistical analysis was performed locally in RStudio 

                                                           
1 Within this study, fine mode particles include sizes between 0.5 - < 1 µm, whereas coarse mode particles 

include sizes between ≥ 1 - 20 µm. 
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(Version 1.1.456, RStudio Team (2015). RStudio: Integrated Development for R. RStudio, 

Inc., Boston, MA, USA; http://www.rstudio.com/) and Igor Pro. 

The automatic determination of an “appropriate” number of clusters (k) represents a major 

difficulty in data clustering. Concerning this, multiple mathematical methods exist, however, 

no general solution can be termed, as the choice of model is highly case-specific (e.g., Jain, 

2010; Kaufman and Rousseeuw, 2009; Milligan and Cooper, 1985). Within this study, different 

values of k (ascending from 4 to 14) were analyzed to define an “appropriate” number of 

clusters based on following criteria and reasons: 

  

i. k should represent a compromise between being as small as possible to decrease data 

complexity vs. being large enough to reflect main spectral variability   

ii. Spatiotemporal abundance (averaged number of particles within a 1 h measurement 

interval) patterns of individual clusters 

iii. Correlations of spatiotemporal abundance patterns of different clusters    

 

As a result, k= 11 was chosen as a solution for reflecting spectral and spatiotemporal 

characteristics of an ambient dataset, fulfilling aforementioned requirements. By choosing k 

<11, spectral properties of the AQABA data tend to be only poorly reflected, resulting in 

increasing inner-cluster spectral variability with decreasing k and thus in a loss of spectral 

information. For example, for k= 4, most of the particles (~ 80 % of the dataset) are grouped 

into two spectrally indefinite clusters, thus being statistically meaningless. In contrast, by using 

k >11, inner-cluster spectral variability is decreasing, however, cluster spectra tend to be rather 

sharp (between one and two detection channels) with only narrow inter-cluster spectral 

differences. A high k might result in artificial division effects in which a formerly “valid” 

cluster is forced to split so that the k criterion is fulfilled (Kaufman and Rousseeuw, 2009). By 

using criteria and settings described above, HAC performance was shown to reasonably 

allocate and differentiate individual clusters using spectral characteristics. Hereof, the 

corresponding dendrogram illustrates cluster affiliations and differences based on Euclidean 

distances (Fig. 2). 

 

2.6 Additional aerosol, gas phase, and meteorological measurements 

For meteorological measurements, a European Common Automatic Weather Station 

(EUCAWS; http://eumetnet.eu/; last access March 2019) was installed on the forecastle deck 
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(port side), measuring parameters such as air temperature, relative humidity, wind speed and 

direction, and speed over ground with 10 s time resolution (Fig. 1a). 

A PAS2000 (Photoelectric Aerosol Sensor, Ansyco GmbH, Karlsruhe, Germany) was 

utilized to measure total mass concentrations of PAHs bound to the surface of particles in a 

size range between 10 nm – 1 µm. The working principle of the PAS2000 is based on the 

ionization of PAH molecules using UV radiation. Subsequently, particle-carried charges are 

used for an estimation of total particle-bound PAH concentrations. However, by using this 

method, a further specification of different PAHs is not achievable. 

Dimethyl sulfide (DMS) measurements were conducted using a proton transfer reaction 

time-of-flight mass spectrometer (PTR-TOF-MS 8000, Ionicon Analytik GmbH, Innsbruck, 

Austria). A detailed description of the PTR-TOF-MS performance can be found elsewhere 

(e.g., Graus et al., 2010; Jordan et al., 2009; Veres et al., 2013). PTR-TOF-MS measurements 

rely on a proton transfer reaction between hydronium ions (H3O
+) and VOC (volatile organic 

compound) molecules. Subsequently, resulting ions from protonated VOCs are analyzed within 

the TOF-MS section, providing VOC identification based on corresponding mass-to-charge 

ratios. During AQABA, three calibrations of the PTR-TOF-MS 8000 were performed using 

gas standards containing multiple VOC samples (Apel-Riemer Environmental Inc., 

Broomfield, CO, USA). Background measurements were conducted every 3 h for a duration of 

10 min.  

A high-resolution time-of-flight aerosol mass spectrometer (HR-TOF-AMS, Aerodyne 

Research, Inc., Billerica, MA, USA) was utilized to measure non-refractory aerosol 

composition in a size range between 40 nm and ~ 1 µm. Particles impact onto a vaporizer 

(operated at ~ 600 °C), resulting in a fast vaporization of aerosol components, which are 

subsequently ionized by electron impaction ionization. Resulting ions are analyzed in the ToF 

mass spectrometer, and mass concentrations of main non-refractory species (total organics and 

major inorganic species) are obtained by applying a deconvolution algorithm to the resulting 

mass spectra (Allan et al., 2004). In this study, only a specific marker mass-to-charge-ratio 

(m/z 202 from the deconvolved organics mass spectrum), subsequently termed Org202, was 

used as an indicator for the presence of PAH (pyrene in this instance). Several calibrations of 

the HR-TOF-AMS were performed to determine ionization efficiencies. Detailed descriptions 

of TOF-AMS operation principles can be found elsewhere (DeCarlo et al., 2006). 

During the AQABA campaign, the PAS2000, PTR-TOF-MS 8000, and HR-TOF-AMS 

were operated within laboratory containers on the main deck of the research vessel (Fig. 1a). 
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2.7 HYSPLIT trajectory calculation 

For the calculation of air mass advection, backward trajectories were calculated using the 

Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, NOAA-ARL; 

Version 4, Revision 664, October 2014) based on gridded meteorological data with 0.5° spatial 

resolution provided by the global data assimilation system (GDAS) (Draxler and Hess, 1998; 

Stein et al., 2015). Backward trajectories were calculated for receptor locations along the vessel 

track, using EUCAWS vessel position information, with a 1 h restart interval and a duration of 

72 h. The choice of 72 h backward trajectory data follows suggestions as described in Pöhlker 

et al. (2018). At this, a similar HYSPLIT approach was used based on results by Lammel et al. 

(2003), indicating a timeframe for the formation of secondary aerosols between 48 and 72 h 

and an approximate atmospheric transport duration of coarse mode particles < 36 h. The 

trajectory starting altitude was set to 200 m above sea level. The spatiotemporal density of 

trajectory center frequencies were calculated using a uniform kernel density estimation (e.g., 

Chernoff, 1964; Eddy, 1982) within a 0.5° resolution grid (in accordance to GDAS 0.5° data). 

Note that selective 4 d backward trajectory calculations for the AQABA campaign were 

published previously (Bourtsoukidis et al., 2019). 

 

2.8 GIS data analyses and sources 

Within this study, multiple GIS (geographic information system) datasets were utilized for 

visualization purposes and data analyses. GIS data and HYSPLIT raw data were processed 

using the open-source software QGIS 2.18.24 (QGIS Development Team (2019), 

http://qgis.osgeo.org/). All data were projected onto the coordinate reference system WGS84. 

A summary of data sources and corresponding figures can be found within the Supplement 

(Table S1). 

 

3. Results and discussion   

3.1 CPC particle fine mode concentrations  

Measurement periods during the AQABA campaign cover various environmental scenarios 

including, e.g., anthropogenic influenced environments, relatively clean marine air, but also 

strongly polluted scenarios caused by, e.g., marine vessel traffic and oil and gas refining. 

During both legs, related trends are overall observable by means of CPC-derived total particle 

concentrations. Highest concentrations were observed in the Suez Canal (mean NCPC ≈ 70 000 

cm-3) and near Jeddah (mean NCPC ≈ 30 000 cm-3) during the first leg (2 to 31 Jul) (Fig. 3 & 

Fig. 4a). By analyzing non-methane hydrocarbon mixing ratios, it was shown previously that 
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the measurement period in the Suez Canal was highly influenced by dense marine traffic, 

whereas the harbor of Jeddah was rather influenced by vehicle emissions from nearby sources 

(Bourtsoukidis et al., 2019). During relatively clean sampling periods within the Gulf of Aden 

and the Arabian Sea, measured particle concentrations were, on average, NCPC ≈ 1000 cm-3 

(Fig. 3 & Fig. 4a, b). Overall, fine mode particle concentrations during the second leg (3 to 26 

Aug) reflect patterns observed during the first leg, however, were less affected by emissions 

from our own vessel as the movement direction was mostly upwind (compare Figure S1a, b). 

 

3.2 SIBS coarse mode particle characteristics 

The highest coarse mode particle (≥ 1 µm) number concentrations (NT,c) were measured during 

the first leg while entering dust plumes in the southern Red Sea and lasted until leaving the 

Arabian Sea (Fig. 3 & Fig. 4c). Over the southern Red Sea, dust plumes originated from Sudan 

and Eritrea (Fig. S1a), with a mean NT,c of ~12 cm-3, whereas dust loads in the Gulf of Aden 

and the Arabian Sea were less pronounced (mean NT,c ≈ 8 cm-3), most likely from deserts in 

Ethiopia and Somalia. In contrast, before entering dust plumes on 14 Jul, mean NT,c values of 

~2 cm-3 were measured over the northern Red Sea. In comparison, NT,c patterns during the 

second leg reveal similar trends, however, showing lower mean NT,c values of ~5 cm-3 (Fig. 3 

& Fig. 4d). In the Supplement, Figure S2 shows satellite images for both entering (Fig. S2a) 

and leaving (Fig. S2b) dust plumes over the Red Sea, reflecting observed NT,c patterns 

measured by the SIBS. 

Compared to the high variability of NT,c, the fluorescent particle number concentrations 

(NF,c) showed relatively constant characteristics throughout the campaign period. Highest 

concentrations were measured during the first leg from Suez to the northern Red Sea (mean 

NF,c ≈ 0.16 cm-3), near/in the harbor of Jeddah (mean NF,c ≈ 0.14 cm-3), and from the southern 

Red Sea to the Gulf of Aden (mean NF,c ≈ 0.14 cm-3) (Fig. 3 & Fig. 4e). As for NT,c patterns 

described above, NF,c concentrations were lower during the second leg with highest values 

measured over the Arabian Gulf and the Gulf of Oman (mean NF,c ≈ 0.08 cm-3), the southern 

Red Sea (mean NF,c ≈ 0.07 cm-3), and in the Suez Canal (mean NF,c ≈ 0.07 cm-3) (Fig. 3 & Fig. 

4f). 

Overall decreasing NT,c values were observed during the second leg, starting on ~20 Aug 

over the northern Red Sea (Fig. 3). The reason for this effect is unknown. Because similar 

observations were made for multiple instruments within the outdoor housing, residues (e.g., 

dust and sea salt) within the main inlet line might be an explanation. However, because the 
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focus of this study is based on FAP fractions and spectral characteristics, this observation does 

not influence our conclusions. 

 

3.3 SIBS fluorescence fractions 

Fluorescent particle fractions (NF,c / NT,c) were relatively high between Suez and the northern 

Red Sea (mean NF,c / NT,c ≈ 4.5 %) and over the Arabian Gulf (mean NF,c / NT,c ≈ 3.5 %) during 

the first leg (Fig. 3 & Fig. 4g). Between Suez and the northern Red Sea, NW (northwest) winds 

most likely advected anthropogenically influenced air masses by traversing areas with 

increased population densities, e.g., along the Nile River delta in Egypt, including urban centers 

like Cairo (Fig. S1a). Over the Arabian Gulf, air masses originated from the Euphrates and 

Tigris delta (NW), thus potentially transported urban emissions (Fig. S1a). During the second 

leg, pronounced NF,c / NT,c patterns were not observed over the Arabian Gulf (Fig. 4h), which 

might be due to air masses coming from Iranian deserts and thus less populated and vegetated 

regions in NNE (north-northeast) direction (Fig. S1b). Furthermore, NF,c / NT,c between the 

northern Red Sea and Suez were less distinct and revealed lower values (mean NF,c / NT,c ≈ 3.3 

%) compared to measurements during the first leg (Fig. 4h). During relatively clean 

measurement periods in the Arabian Sea (both legs), mostly affected by marine influenced air 

masses and East African dust events, NF,c / NT,c values were on average ~1 % (Fig. 3 & Fig. 4g, 

h). 

 

3.4 Spectral cluster characteristics 

As a proof of concept for the overall SIBS performance validated in Könemann et al. (2019), 

the aim of this study is to discuss a more general set of clusters that both reflect atmospheric 

and geospatial observations during AQABA and that provides sufficient spectral and 

spatiotemporal information as a foundation for further analyses. In this regard, a k= 11 solution 

still involves a high level of complexity. For reasons of simplification, k= 11 was manually 

reduced to four major clusters based on spectral and spatiotemporal similarities. Clusters were 

grouped into a superordinate cluster if fluorescence emissions appear in the same spectral range 

at equal excitation wavelengths (Fig. 5) and simultaneously reveal a positive coefficient of 

correlation (r = ~ 0.8) in spatiotemporal patterns (Table 1, Fig. S3, and Fig.6). As a result, 

subsequent analyses include the superordinate clusters CViolet_Xe1, CGreen_Xe1, CRed_Xe2, and the 

single cluster 10; in the following sections termed CRed_Xe1 (see also Fig. 2). For clarity, the 

cluster nomenclature depends on main spectral color characteristics. It is important to note that 
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a reverted grouping to k= <11, based on abovementioned characteristics, provide different 

results than an actual decrease of k, which relies on spectral characteristics exclusively.  

Spectral characteristics of individual clusters are shown in Figure 5. A summary of cluster 

properties can be found in Table 1. In total, seven clusters are allocated to λex =  285 nm derived 

fluorescence emission, covering the complete detectable emission range from UV (ultraviolet, 

peak emission at λem =  < 400 nm, Fig. 5d, f & Fig. S4b) over blue and green (peak emission at 

λem =  > 400 - < 600 nm, Fig. 5a, b, and e) to a red spectral range (peak emission at λem =  > 600 

nm, Fig. 5i). In contrast, three clusters are associated with λex =  370 nm derived emissions in a 

red spectral range exclusively (Fig. 5c, g, and h). Trends of spectral cluster separation, based 

on Euclidean distances, are reflected within the corresponding dendrogram (Fig. 2). Hereof, 

clusters 3, 7, and 9 reveal the largest distance to remaining clusters, whereas the branch lengths 

from k= 11 to the next nodes show that all three clusters will separate again at a relatively high 

k. The allocation of cluster 2 and 4 into neighboring branches is reasonable due to their 

spectrally close emission signatures, which cover the spectral boundary to separate ultraviolet 

and blue to green emission clusters in this study (Fig. 2 & Fig. 5b, d). Cluster 6 shows 

fluorescence emission at λex =  370 nm, however, reveals only indefinite spectral information 

and increased inner-cluster spectral variability, indicated by missing median values (Fig. S4a). 

Therefore, cluster 6 (fraction: 17.3 %) was discarded for subsequent analysis. Cluster 11 

reveals the lowest abundance with peak emissions in λmean = 302.2 nm at λex =  285 nm (Fig. 

S4b, Table 1). The spectral signature is similar to the emission of the amino acid tyrosine 

measured by the SIBS, as described in Könemann et al., (2019). However, due to the low 

quantum yield and potential quenching effects (e.g., Pan, 2015; Pöhlker et al., 2012 and 

references therein), fluorescence emissions from tyrosine within airborne PBAP will most 

likely be below the detection threshold of the SIBS. By implication, the tyrosine-like signature 

of cluster 11 might derive from interfering monocyclic aromatic molecules (e.g., Berlman, 

2012; Lakowicz, 2004). As for the clusters 3, 7, and 9 also cluster 11 would separate at a 

relatively high k (Fig. 2). As outlined above, the current study focuses on the major clusters 

with pronounced spectral and spatiotemporal properties. As a result, cluster 11 (fraction: 3.5 

%) was discarded for following analytical processes due to the low abundances and the lack of 

spatiotemporal patterns (see also Fig. 2). 
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3.5 Spatiotemporal characteristics of clusters and potential sources 

Due to the complex nature of the AQABA dataset, the aim of the current study a deliberate 

determination and interpretation of properties derived from a more general set of major spectral 

clusters. Concurrently, the overall broad geospatial variability of the AQABA dataset, 

including rapidly changing environmental influences, represent a beneficial foundation for 

further particle classifications as outlined in the subsequent paragraphs. 

 

3.5.1 Cluster CViolet_Xe1 

Overall, CViolet_Xe1 – resulting from grouping of clusters 4 and 7 – showed a relatively consistent 

pattern during the campaign (Fig. 6a, b). However, temporarily high abundances were observed 

in and around the harbor of Jeddah and over the Arabian Gulf (Fig. 6a). Backward trajectories 

for both measurement periods indicate air masses from NW to NNW (north-northwest) 

direction (Fig. 7a). Nevertheless, the temporarily narrow, yet high abundances near Jeddah 

rather suggest a local source nearby, whereas measurements in the Arabian Gulf reveal a more 

regional characteristic. Within CViolet_Xe1, cluster 4 reveals increased abundances in the Suez 

Canal and near Jeddah with only low contribution in the Arabian Gulf, whereas cluster 7 

uniquely refers to sampling periods near Jeddah and the Arabian Gulf (Fig. 7b). Abundances 

of cluster 4 are positively correlated to total PAH mass concentrations in the Suez Canal (both 

legs) and near Jeddah (Fig. 7b). The spectral signature of Cluster 4 is similar to reported 

characteristics of pyrene at comparable excitation wavelengths (e.g., Beltran et al., 1998; 

Mahanama et al., 1994), furthermore, agrees well with offline spectroscopic data in Pöhlker et 

al. (2012) (Fig. S5a). For measurements near Jeddah, additional support for a potential pyrene 

signature is given by HR-TOF-AMS-derived results, which provides a completely independent 

measurement approach, compared to SIBS and PAS, which are both based on absorption of 

UV light. Here, cluster 4 reveals a positive correlation to the pyrene marker Org202 with an r-

value of 0.67 (Fig. 7b). In contrast, correlations were less pronounced for measurement periods 

in the Suez Canal, however, were shown to be positively correlated.  

Cluster 7 reveals a tryptophan-like spectrum (Könemann et al., 2019) that might, however, 

also indicate naphthalene as a potential source (e.g., Beltran et al., 1998; Ferretto et al., 2014) 

(Fig. S5b). In contrast, both clusters 4 and 7 are negatively correlated to PAH mass 

concentrations over the Arabian Gulf, in which cluster 7 contributes a major fraction (Fig. 7b). 

Previously, this specific measurement period was identified as one during which the research 

vessel crossed oil slicks, potentially derived from numerous offshore oil platforms nearby or 

from marine traffic (Bourtsoukidis et al., 2019). Within this period, particle size distributions 
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between ~ 1.5 and 2 µm were observed which might indicate the uplift of droplets from oil 

slicks caused by, e.g., vessel movements (Fig. S6a). The tryptophan-like signature of cluster 7 

is furthermore supported by multiple seawater pollution and waste water studies addressing the 

fluorescence emissions of oil spill-derived petroleum hydrocarbon contaminations, showing 

similar patterns (e.g., De Bruyn et al., 2018; D’Sa et al., 2016; Mendoza et al., 2013; Zhou et 

al., 2013). The source of cluster 7 near Jeddah cannot be specified further because, beside a 

potential contribution of naphthalene, the occurrence of oil spills within the harbor might be a 

likely scenario as well. Even if cluster 7 might also involve tryptophan-derived emissions, a 

direct affiliation to bioaerosols near Jeddah and over the Arabian Gulf remains less likely due 

to the unique and distinct abundance patterns in both cases. 

In general, results presented in here have to be interpreted carefully because the direct 

comparison between particle number and mass concentrations might involve relatively high 

uncertainties. Furthermore, both PAS2000 and HR-TOF-AMS refer to measurements in the 

particle fine mode (< 1 µm), whereas SIBS-derived clusters include coarse mode particles (≥ 1 

µm). Because the overall size distributions of clusters 4 and 7 cover broad ranges (Fig. S6a), 

most likely reaching into the particle fine mode, a comparison can be considered as eligible. In 

contrast, potential oil slick-derived droplets in the Arabian Gulf are above the size detection 

limit of both PAS2000 and HR-TOF-AMS and thus only provide limited information.          

The characterization of CViolet_Xe1 properties highlights the benefits of utilizing spectrally 

resolved fluorescence information for particle classification. For example, latest versions of the 

WIBS (WIBS-4A and WIBS-NEO) would have assigned CViolet_Xe1 most likely as “A-Type” 

particles (λex =  280 nm, λem =  310-400  nm) for which both clusters (4 and 7) could not have 

been differentiated. 

 

3.5.2 Cluster CGreen_Xe1 

CGreen_Xe1 – comprising clusters 1, 2, and 5 – covers a spectral range that involves emissions 

from multiple biological fluorophores (e.g., coenzymes, flavin compounds, structural 

biopolymers, and secondary metabolites) but might also include potential interference 

materials (e.g., Könemann et al., 2019; Mahanama et al., 1994; Pöhlker et al., 2012 and 

references therein; Savage et al., 2017). During both legs, CGreen_Xe1 revealed a distinct 

spatiotemporal pattern with highest abundances in the Suez Canal, over the northern Red Sea 

and the Arabian Gulf, but decreases rapidly during sampling periods with increased 

atmospheric dust loads and in relatively clean marine environments (Fig. 6c, d). In general, a 

pronounced particle size pattern was not observed during both legs (Fig. S6b). The sampling 
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period in the Suez Canal and the northern Red Sea, during the first leg, is characterized by 

terrestrial influenced air masses originating from NW to NNW direction thus directly traversed 

regions with high population densities such as coastal areas along the Suez Canal and the Nile 

Delta (including the megacity of Cairo) (Fig. 8a). Over the Arabian Gulf, trajectory densities 

are only tenuously projected due to short sampling periods. Nevertheless, measurements might 

have been affected by terrestrial sources along the Euphrates and Tigris Delta, including large 

cities like Basra and Kuwait City. A similar spatiotemporal pattern was observed during the 

second leg, however, showing overall lower abundances that might be explainable by changed 

wind directions (Fig. 6d). At this, air masses from NE (northeast) to NNE direction mostly 

crossed Iranian deserts thus less populated and vegetated regions (Fig. 8b). Over the northern 

Red Sea and in the Suez Canal, wind directions changed slightly to N (north), covering broad 

regions of the Sinai Peninsula, resulting in potentially less influence from the Nile Delta (Fig. 

8b). Abundances remained increased in the Mediterranean, receiving air masses from Greece 

and Turkey (Fig. 8b). 

The spatiotemporal patterns of CGreen_Xe1 suggest a distinctive affiliation to regions with 

high anthropogenic influences and thus might include heightened PBAP emissions as outlined 

in multiple studies addressing bioaerosol contributions in urban environments (e.g., Fennelly 

et al., 2017 and references therein; Hameed and Khodr, 2001; Li et al., 2016; O’Connor et al., 

2013). Certainly, a further characterization remains challenging due to manifold potential 

sources of biological (e.g., high population densities, agriculture, vegetation, wetlands, 

livestock) and non-biological particles (e.g., fossil fuel and biomass burning-related emissions, 

on- and offshore petrochemical pollution). 

Clusters 1, 2, and 5 would have been categorized as “B-Type” particles (λex =  280 nm, λem 

=  420-650  nm) using a WIBS. 

 

3.5.3 Cluster CRed_Xe2 

Highest relative abundances of CRed_Xe2 – including clusters 3, 8, and 9 – were detected within 

dust plumes during both legs (Fig. 6e, f). As supported by corresponding trajectories, the 

overall spatiotemporal pattern refers to environments with increased atmospheric dust loads 

and regions that are affected my marine influenced air masses (Fig. 9a, b). An additional 

supportive aspect for this assumption is given by observations over the Arabian Gulf. There, 

abundances were relatively low during the first leg (Fig. 6e), with mean NT,c values of ~3 cm-3 

(Fig. 3), when air masses originated from the Euphrates and Tigris Delta. In contrast, increased 

abundances were observed during the second leg (Fig. 6f), with mean NT,c values of ~6 cm-3 



104 

 

(Fig. 3), when air masses potentially transported dust from Iranian deserts (Fig. 9b & Fig. S1a, 

b). 

CRed_Xe2 is inversely correlated to CGreen_Xe1, means that CRed_Xe2 abundances are increasing 

with decreasing CGreen_Xe1 abundances and vice versa (Fig. S7), indicating two different and 

distinct sources. For example, CRed_Xe2 and CGreen_Xe1 patterns changed rapidly while entering 

dust plumes over the southern Red Sea during the first leg (Fig. 6c, e & Fig. S1a). 

The spectral characteristic of CRed_Xe2 covers an emission range that corresponds to, e.g., 

flavin compounds, chlorophyll a/b, and bacteriochlorophyll (e.g., Könemann et al., 2019; 

Pöhlker et al., 2012). However, mineral dust-derived fluorescence signatures might also occur 

in similar emission ranges and excitation wavelengths (e.g., Bozlee et al., 2005; Gaft et al., 

2015 and references therein; Reisfeld et al., 1996). In direct comparison, sampling periods with 

enhanced CRed_Xe2 abundances are in good agreement with annual, satellite-derived, 

chlorophyll patterns around the Arabian Peninsula, showing increased concentrations in the 

southern Red Sea, the Arabian Sea, Gulf of Oman, and the Arabian Gulf (Fig. 9c). Additionally, 

CRed_Xe2 abundances are positively correlated with PTR-TOF-MS-derived DMS concentrations 

(r= 0.43; Fig. 9d), used as an indicator for phytoplankton abundance (e.g., Andreae and 

Raemdonck, 1983; Nguyen et al., 1988; Simó, 2001). In this respect, CRed_Xe2 inherent cluster 

8 reveals the highest r-value (0.42) (Fig. S8b) compared to cluster 3 (r= 0.31; Fig. S8a) and 

cluster 9 (r= 0.28; Fig. S8c). Cluster 8 involves a flavin-like signature (Fig. 5g), however, also 

include particles that show chlorophyll a/b-like fluorescence emissions and thus support the 

finding of a positive correlation to DMS concentrations due to a potential contribution of 

airborne phytoplankton (e.g., algae and cyanobacteria). In contrast, no obvious correlation was 

found between DMS concentrations, CViolet_Xe1, and CGreen_Xe1, nevertheless, an overall negative 

correlation trend can be observed (Fig. S8d, e). In spite of that, the comparison of data derived 

from different measurement techniques (e.g., remote sensing, particle phase, and gas phase) 

involves relatively high uncertainties thus requires careful data interpretation. For example, 

simultaneously increased DMS and chlorophyll concentrations do not necessarily involve 

increased airborne phytoplankton abundances because particle uplift mechanisms are directly 

coupled to physical factors such as wind speed and wave height (Jones and Harrison, 2004 and 

references therein). Nevertheless, CRed_Xe2 characteristics described here serve at least as a 

reasonable indicator for chlorophyll contributions. 

Within CRed_Xe2, only cluster 8 would have been detected by a WIBS and assigned as “C-

Type” particles (λex =  370 nm, λem =  420-650  nm). Fluorescence emissions of clusters 3 and 9 

are above the detectable emission range of the WIBS (Fig. 5c, h). 
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3.5.4 Cluster CRed_Xe1 

CRed_Xe1, formerly termed cluster 10, would have been most likely merged into the 

superordinate cluster CRed_Xe2. However, due to the unique spectral signature (emissions in the 

last two SIBS detection bins at λex =  285 nm) and spatiotemporal patterns, CRed_Xe1 was 

analyzed individually. Spatiotemporal characteristics include pronounced plume-like events 

during both legs with temporarily increased abundances (Fig. 6g, h) and broad particle size 

distributions (Fig. S6 d). Furthermore, abovementioned abundance patterns suggest a 

pronounced relation to major dust events, comprising, e.g., Sudanese/Eritrean-, Somalian-, and 

Iranian dust events (Fig. 10a, b). Trajectory density footprints of related measurement periods 

cover areas that mainly involve three dominant soil types, namely lithosols, regosols, and 

yermosols (Fig. 10a, b). Common properties of all three soil types comprise unconsolidated 

minerals with only weakly developed soil characteristics, which are formed by erosion effects 

(e.g., movement of dunes), and are overall low in organic matter content (e.g., Mahmoud and 

Alazba, 2016; Mumtaz et al., 2018; Piepenbrink and Schutkowski, 1987; Reddy et al., 2019; 

World reference base for soil resources, 2015). Fluorescence emission of minerals is based on 

one or multiple so-called activators within the crystal structure of the mineral, including, e.g., 

trace transition metal and rare-earth ions, or organic material (e.g., Hawthorne, 2018 and 

references therein; Reisfeld et al., 1996; Rost, 1992 and references therein). Beside a 

fluorescence mode detected in the last two SIBS detection bins, CRed_Xe1 reveals an additional, 

however less pronounced, emission mode between λem =  ~ 500-550 nm at λex =  285 nm (Fig. 

5i). The fluorescence signature of CRed_Xe1 agrees well with results presented in Bozlee et al., 

(2005), where a similar emission pattern was observed for multiple calcite samples when 

excited at λex =  266 nm. Calcisols (including calcite) comprise soil classes with an 

accumulation of secondary carbonates and are considered being a major contributor to desert 

soil composition (e.g., Aba-Husayn and Sayegh, 1977; Dwevedi et al., 2017; Mayer et al., 

1988; World reference base for soil resources, 2015). Within the three major soil types 

described here, calcisols mostly belong to the class of yermosols (World reference base for soil 

resources, 2015) thus providing additional support for the assumption that CRed_Xe1 might be 

classified as a mineral dust-derived fluorescence cluster.  

Regarding the capabilities of instruments such as the WIBS, fluorescence signatures λem = 

> 650 nm of CRed_Xe1 would be above the detectable emission range. Thus, if the second mode 

between λem =  ~ 500-550 nm would reach the fluorescence detection threshold, CRed_Xe1 would 

be classified as “B-Type” particles (λex =  280 nm, λem =  420-650  nm) and therefore potentially 

misinterpreted. 
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4. Summary and conclusions 

This study presents the analysis of spectrally-resolved fluorescence information of > 0.66 

million individual airborne particles, measured with a SIBS during the shipborne AQABA 

campaign around the Arabian Peninsula in 2017. The SIBS was operated in various 

environments, including moderate to strongly polluted regions, clean marine air, petrochemical 

pollution, areas with high population densities and areas of increased atmospheric dust loads. 

Thus, the current study highlights a unique dataset and provides valuable insights into Middle 

Eastern coarse mode aerosol properties. 

The SIBS recorded various geospatially selective fluorescence fractions for coarse mode 

particles, ranging from < 1 % during increased dust abundances and in relatively clean marine 

environments, to temporarily > 15 % in strongly polluted regions such as the Suez Canal. 

However, on average, fluorescence fractions are generally < 3 % low as expected in the arid 

environment. 

A HAC approach was applied onto measured spectra of fluorescent particles, revealing a 

reasonable separation of major clusters based on resolved spectral information exclusively. 

During the clustering process, it was observed that clusters tend to be dominated by either Xe1 

(λex = 285 nm) or Xe2 (λex = 370 nm) derived emissions, whereas multimodal signatures (Xe1 

and Xe2) generally revealed a dominant mode and a minor mode that, however, only showed 

low statistical significance. Translated onto the commonly applied WIBS “ABC” classification 

nomenclature (Perring et al., 2015), “AC”, “BC”, and “ABC” type particles are less 

pronounced within SIBS-derived data. The reason for this tendency is currently under 

investigation, however, might be related to HAC settings used in this study or an irradiance 

imbalance between SIBS excitation sources as described in Könemann et al., (2019).  

One aim of this study is to test the determination and interpretation of a set of major spectral 

clusters within an ambient dataset. In this respect, the large geospatial variability of the 

AQABA dataset provides an advantageous foundation for further particle classifications. For 

example, clusters abundances uniquely referring to UV emissions (at λex = 285 nm), measured 

in the Suez Canal and near Jeddah, were shown to correlate with concentrations of particle-

bound PAHs and the pyrene marker Org202. Additionally, fluorescence signatures agree well 

with those of offline-derived measurements of pyrene and naphthalene and to data reported in 

literature (e.g., Beltran et al., 1998; Ferretto et al., 2014; Mahanama et al., 1994; Pöhlker et al., 

2012). Moreover, cluster abundances over the Arabian Gulf  were shown to be associated with 

sampling intervals where the vessel traversed oil slicks, furthermore being supported by results 

discussed in multiple studies addressing petroleum hydrocarbon contaminations (e.g., De 
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Bruyn et al., 2018; D’Sa et al., 2016; Mendoza et al., 2013; Zhou et al., 2013). The detection 

of potential PAH contaminations emphasizes the potential impact of false positive artifacts 

using LIF for PBAP detection and characterization. 

Abundances of blue to green emission (at λex = 285 nm) clusters, thus involving potential 

biofluorophore emissions, revealed a distinct affiliation to measurement periods in regions 

influenced by, e.g., heightened population densities, wetlands, and increased vegetation. In 

contrast, their abundances rapidly decreased during dust events and when reaching relatively 

clean environments, indicating distinct individual emission sources. By implication, these 

results point towards an overall anthropogenic characteristic, but including a potential PBAP 

contribution. However, without comparative measurement techniques, a further classification 

proves to be difficult because potential sources for biological and non-biological particles are 

manifold within this particular region. 

Within measurement periods characterized by both marine influence and increased 

atmospheric dust load, abundances of clusters referring to red emissions (at λex = 370 nm), were 

shown to correlate with DMS concentrations and reflected satellite-derived chlorophyll 

patterns. In contrast, no obvious correlation was found in comparison to other clusters. Even if 

observed correlations are not as distinct as, e.g., for PAH measurements, the agreement with 

remote-sensing chlorophyll data and gas phase DMS measurements suggests that the SIBS is 

capable of detecting, e.g., airborne algae and cyanobacteria. However, there is a need for further 

classifications because spectral characteristics involve signatures that also agree with those of 

mineral dust emissions (e.g., Gaft et al., 2015 and references therein). 

An individual red emission (at λex =  285 nm) cluster uniquely refers to measurement periods 

during intense dust events and was spectrally assigned to mineral dust emissions. Fluorescence 

signatures agree with data reported in Bozlee et al. (2005), in which comparable results were 

obtained for calcite samples using a similar excitation wavelength (λex =  266 nm). Calcite is 

considered to be a typical desert soil component and is furthermore abundant within one of 

three major soil types, assigned in this study, based on backward trajectory footprints (e.g., 

Dwevedi et al., 2017; Mayer et al., 1988; World reference base for soil resources, 2015). Even 

if mineral dust is highlighted in this study as a source of interference using LIF, no evidence 

for a major contribution to FAP concentrations was found.                       

The current study provides valuable insights into coarse mode aerosol properties, recorded 

in various environments around the Arabian Peninsula, a region that is considered to be a hot-

spot of climate change. Results discussed here serve both as a proof of concept for the overall 

SIBS performance in ambient measurements and for the validation of a feasible data clustering 
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strategy. The sufficient allocation and characterization of a general set of major spectral 

clusters builds a basic framework for prospective studies and shows promise to broaden the 

scope of ambient particle characterization using LIF. However, our results also underline how 

carefully ambient LIF data have to be interpreted in terms of potentially non-biological 

interferences, which might represent a large fraction in some environments. Additionally, 

results in this study highlight the benefits of spectrally resolved fluorescence information as a 

promising feature for improved particle classifications. 
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Appendix A: List of acronyms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acronym Description 

AF Asymmetry factor 

AQABA Air quality and climate in the arabian basin 

CPC Condensation particle counter 

DMS Dimethly sulfide 

EUCAWS European common automatic weather station 

FAP Fluorescent aerosol particle 

GIS Geographic information system 

HAC Hierarchical agglomerative clustering  

HYSPLIT Hybrid single-particle lagrangian integrated trajectory model 

HR-TOF-AMS High-resolution time-of-flight aerosol mass spectrometer 

LIF Light-induced fluorescence 

N North 

NE Northeast 

NNE North-northeast 

NNW North-northwest 

NW Northwest 

PBAPs Primary biological aerosol particles 

PMT Photomultiplier tube 

PAH Polycyclic aromatic hydrocarbons 

PAS Photoelectric aerosol sensor 

PSL Polystyrene latex sphere 

PTR-TOF-MS Proton transfer reaction time-of-flight mass spectrometer 

RH Relative humidity 

SD Standard deviation 

SIBS Spectral intensity bioaerosol sensor 

TSP Total suspended particles 

SW Southwest 

UV Ultraviolet 

VOCs Volatile organic compounds 

WIBS Wideband integrated bioaerosol sensor 
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 Appendix B: List of symbols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Unit Description 

λem nm Emission wavelength 

λex nm Excitation wavelength 

N cm-3 Particle number concentration 

NF,c cm-3 N of fluorescent coarse particles at 3σ threshold 

NF,f cm-3 N of fluorescent fine particles at 3σ threshold 

NT cm-3 N of total coarse and fine particles (0.5-20 µm) 

NT,c cm-3 N of total coarse particles (≥ 1-20 µm) 

NT,f cm-3 N of total fine particles (0.5- < 1 µm) 

Xe1 nm SIBS excitation wavelength at  λex = 285 nm   

Xe2 nm SIBS excitation wavelength at  λex = 370 nm   
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Table 1. Summary of cluster properties. N: Cluster corresponding number of particles. λex / 

λmean (nm): Cluster peak emission (SIBS detection channel mean wavelength) at corresponding 

excitation wavelength. Superordinate cluster: Individual clusters being merged into a 

superordinate cluster level based on spectral characteristics and spatiotemporal patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cluster N Fraction (%) λex / λmean (nm) Superordinate cluster 

1 70806 10.7 285/500 CGreen_Xe1 

2 59997 9 285/415.6 CGreen_Xe1 

3 38170 5.7 370/721.1 CRed_Xe2 

4 62846  9.5 285/387.3 CViolet_Xe1 

5 100340 15.1 285/555.9 CGreen_Xe1 

6 115481 17.3 370/ - - 

7 45091 6.8 285/330.6 CViolet_Xe1 

8 68597 10.3 370/639 CRed_Xe2 

9 37108 5.6 370/693.9 CRed_Xe2 

10 42783 6.4 285/693.9; 721.1 - 

11 23419 3.5 285/302.2 - 
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Figure 1. In (a), a scheme of the research vessel “Kommandor Iona” (International maritime 

organization number (IMO): 8401999; Flag: UK) is shown, including the sampling location of 

the SIBS (red marker), the EUCAWS (blue marker), and laboratory containers (yellow 

markers). The ship track during the 1st leg (red line) and 2nd leg (black dashed line) of the 

AQABA campaign is highlighted in (b). Blue marker: Port of registry in La Seyne-sur-Mer. 

Data courtesy: (a) Hays Ships Ltd., modified with permission. 
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Figure 2. Clustering strategy scheme. Highlighted is the HAC-derived dendrogram, based on 

pre-processed SIBS data, including the height cutoff at k=11 (red dashed line) and 

corresponding spectral clusters (numbered from 1 to 11). Clusters are color-coded based on 

peak emissions in SIBS detection channel mean wavelength (λmean). Red X: clusters being 

discarded for further analyses. During the post-processing, individual clusters were grouped 

into superordinate clusters based on spectral and spatiotemporal similarities (CViolet_Xe1, 

CGreen_Xe1, and CRed_Xe2) (see also Sect. 3.4). Cluster 10 represents an individual cluster, 

subsequently termed CRed_Xe1. 
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Figure 3. Time series of particle number concentrations and corresponding fluorescence 

fractions. Black graph: Particle number concentrations measured by the CPC (excluding vessel 

exhaust filter). SIBS coarse mode particle data include integrated total particle number 

concentrations (NT,c; fluorescent and non-fluorescent, red graph), fluorescent particles (NF,c; 

blue graph), and corresponding FAP fractions (NF,c / NT,c; green graph) (including vessel 

exhaust filter). Geospatial index above upper panel: M= Mediterranean, SC= Suez Canal, RS= 

Red Sea, J= Jeddah, GA= Gulf of Aden, AS= Arabian Sea, GO= Gulf of Oman, AG= Arabian 

Gulf, and K= Kuwait. All data shown as 5 min average. Measurements cover a period between 

2 Jul to 26 Aug 2017 with three major sampling interruptions in the harbor of Jeddah (Saudi 

Arabia, 11 to 12 Jul), Gulf of Oman; Arabian Gulf (24 to 28 Jul), and Kuwait (31 Jul to 3 Aug). 
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Figure 4. Geospatial distribution of particle number concentrations and corresponding 

fluorescence fractions during the 1st (left column) and 2nd leg (right column). Panels (a) – (h) 

correspond to data highlighted in Figure 2. Particle number concentrations measured by the 

CPC are shown in (a) and (b).  SIBS-derived data include integrated coarse particle number 

concentrations of total (NT,c; fluorescent and non-fluorescent, c and d), fluorescent particles 

(NF,c; e and f), and corresponding FAP fractions (NF,c / NT,c; g and h). Due to the repetition rate 

of the xenon lamps (125 Hz) and a recharge time of ~5 ms between each xenon flash, ~50 % 

of the total particle number was excited by Xe1 and Xe2 (Könemann et al., 2019). Thus, 

fluorescence particle concentrations and fluorescence fractions were corrected accordingly. 
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Figure 5. Spectral cluster characteristics. Box and whisker plots: median (blue line), mean 

(circle); boxes at the 75th and 25th percentile, whiskers at the 90th and 10th percentile. Shown 

are non-normalized spectra with fluorescence intensities in arbitrary units. Note that only 

representative fluorescence spectra, for either Xe1 or Xe2 excitation, are shown for each 

cluster. 
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Figure 6. Spatiotemporal patterns of spectral clusters during the 1st (left column) and 2nd leg 

(right column). Shown are relative abundance values (%; in relation to NF,c) for the 

superordinate clusters CViolet_Xe1 (a and b), CGreen_Xe1 (c and d), CRed_Xe2 (e and f), and the 

individual CRed_Xe1 (g and h). All data shown as 1 h average. 
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Figure 7. Comparison of CViolet_Xe1 abundances and PAHs. In (a), backward trajectory densities 

are shown for the sampling time intervals near Jeddah and the Arabian Gulf (black lines) during 

the first leg. Center frequency: Sum of trajectory centers within a grid of 0.5° spatial resolution. 

Time resolved relative abundances (left axis) of cluster 4 (b; upper panel) and cluster 7 (b; 

lower panel) are highlighted in comparison to corresponding coefficient of correlations (right 

axis) to total PAH mass concentrations (red circles) and Org202 (pyrene marker, red triangles). 

Red markers are placed at the geospatial measurement centers respectively. Geospatial index 

(b; above upper panel) as described in Figure 3. 
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Figure 8. CGreen_Xe1 spatiotemporal characteristics and potential sources. Shown are sampling 

periods of heightened relative abundances of CGreen_Xe1 (black lines) during the first (a) and 

second leg (b) in relation to corresponding backward trajectory densities and population 

densities. 
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Figure 9. CRed_Xe2 patterns in comparison to chlorophyll concentrations and DMS. Highlighted 

are sampling periods with increased relative abundances (black bars) of CRed_Xe2 and 

corresponding backward trajectory densities during the first (a) and the second leg (b). 

Averaged annual chlorophyll a concentrations for the year 2017 in relation to CRed_Xe2 

abundances (yellow line: first leg; red dashed line: second leg) are shown in (c). The correlation 

of CRed_Xe2 abundance and DMS, covering both legs, is highlighted in (d) (1 h average). 
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Figure 10. Spatiotemporal characteristics of CRed_Xe1 and major soil types during the first (a) 

and second leg (b). Shown are heightened relative abundances (black bars) and related 

backward trajectory densities. For clarity, only dominant soil types are shown that cover the 

majority of trajectory footprint areas. 
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Table S1. GIS data used within this study and corresponding figures.

Application Name Comment Source Last access Figures 

National borders World borders dataset 
 http://thematicmapping.org/downloads/world_b

orders.php 
April 2019 

1b, 4, 6, 7a, 8, 9 

(a,b,c), 10, S1 

Country and city 

names 

UIA world countries 

boundaries 

 https://hub.arcgis.com/datasets/252471276c994

1729543be8789e06e12_0?geometry=-

163.125%2C-46.149%2C196.875%2C57.646 

November 

2018 

1b, 7a, 8, 9  

(a,b,c), 10 

Population density 
Gridded population of the 

world; Version 4 

Based on national censuses and population registers 

for the year 2015. 30 arc-seconds resolution.  

https://beta.sedac.ciesin.columbia.edu/data/set/g

pw-v4-population-density-rev10 
May 2019 8 

Chlorophyll 

concentration 
Chlorophyll concentration 

AQUA/MODIS-derived dataset at 4 km resolution. 

Averaged annual data for the year 2017. 

https://oceandata.sci.gsfc.nasa.gov/MODIS-

Aqua/Mapped/Annual/4km/chlor_a/ 
May 2019 9c 

Soil taxonomy 
Digital Soil Map of the 

World (DSMW) 

Based on the FAO-UNESCO Soil Map of the 

World, using WRB classification standards. 

Resolution of 5 arc minutes. Dataset created: 2007 

http://www.fao.org/geonetwork/srv/en/metadat

a.show?id=14116 
May 2019 10 
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Figure S1. Spatiotemporal density of HYSPLIT trajectories during the 1st (a) and 2nd leg (b). 

Black line: SIBS measurement period. Center frequency: Sum of trajectory centers within a 

grid of 0.5° spatial resolution (see Sect. 2.7). 
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Figure S2. Satellite images recorded by the Visible Infrared Imaging Radiometer Suite 

(VIIRS) of the Arabian Peninsula during 14 Jul (a) and 18 Aug (b). We acknowledge the use 

of imagery from the NASA Worldview application (https://worldview.earthdata.nasa.gov/), 

part of the NASA Earth Observing System Data and Information System (EOSDIS). 
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Figure S3. Correlation of the total abundance of individual clusters (1 h average). Based on 

positively correlating spatiotemporal patterns, single clusters were grouped into the 

superordinate clusters: CViolet_Xe1 (cluster 4 and 7; a), CGreen_Xe1 (cluster 1, 2, and 5; b, c, and 

d), and CRed_Xe2 (cluster 3, 8, and 9; e, f, and g) (see Sect. 3.4 and Table 1). In (h), (i), and (j), 

non-correlating cluster combinations are shown exemplarily. 
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Figure S4. Spectral cluster characteristics. Box and whisker plots: median (blue line), mean 

(circle); boxes at the 75th and 25th percentile, whiskers at the 90th and 10th percentile. Shown 

are non-normalized spectra with fluorescence intensities in arbitrary units. Note that only 

representative fluorescence spectra, for either Xe1 or Xe2 excitation, are shown for each 

cluster. 
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Figure S5. Highlighted are SIBS spectra for cluster 4 (a) and cluster 7 (b) (left axis; data as 

shown in Fig.5d and f) in comparison to pyrene (a) and naphthalene (b) emissions at λex =  285 

nm (both solvated in n-hexane; right axis) as stated in Pöhlker et al. (2012). Reference spectra 

(red dashed lines and markers) are averaged and re-binned onto SIBS detection bins. Within 

reference spectra, data coinciding with 1st or 2nd order elastic scattering were removed. 
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Figure S6. Geospatial time series of size-resolved particle number concentrations (dN/dlogDp) 

for the clusters CViolet_Xe1 (a), CGreen_Xe1 (b), CRed_Xe2 (c), and CRed_Xe1 (d) during the AQABA 

campaign. Geospatial index above upper panel: M= Mediterranean, SC= Suez Canal, RS= Red 

Sea, J= Jeddah, GA= Gulf of Aden, AS= Arabian Sea, GO= Gulf of Oman, AG= Arabian Gulf, 

and K= Kuwait. All data shown as 1 h average. 
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Figure S7. Correlation of relative abundances of CGreen_Xe1 and CRed_Xe2, covering the complete 

campaign period (1 h average). 
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Figure S8. Correlation of DMS concentrations (ppb) and relative abundances of cluster 3 (a), 

cluster 8 (b), cluster 9 (c), Cviolet_Xe1 (d), and CGreen_Xe1 (e), covering the complete campaign 

period (1 h average. 


