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Aerosols influence climate by directly scatter radiation and affecting cloud properties and 

lifetime. Biological aerosols (bioaerosols) act as cloud condensation nuclei and ice nucleating 

particles (INPs) and can impact human and ecosystem health. Oceans, which cover over 70% of 

the Earth’s surface, comprise an important source of bioaerosols emitted in both primary sea spray 

aerosol (SSA) particles and formed as secondary organic aerosols (SOA) from biogenic volatile 

organic compounds (VOCs). However, the influence of marine bioaerosols on clouds and climate 

remains an area of high uncertainty. In this dissertation, bioaerosols from marine environments 

were measured in laboratory-based systems and the ambient coastal environment to analyze their 

impact on cloud formation and on local communities. Studies on the ice nucleating ability of SSA 

showed supermicron-size SSA particles, rather than submicron, were the predominant source of 

INPs released from a marine environment. The size of these particles suggests these INPs 

represented bioaerosols, like marine bacteria, their fragments, or exudates. Bioaerosol emissions 
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in SSA were measured with single-particle fluorescence spectrometry over the course of a 

mesocosm phytoplankton bloom and showed, for the first time, the fluorescence signature and size 

distribution of these particles in nascent SSA. To uncover how atmospheric oxidants impact the 

SSA fluorescence profile, an oxidative flow reactor was used to simulate days of atmospheric 

aging during a phytoplankton bloom study in an ocean-atmosphere system. This study revealed 

that aged SSA particles underwent chemical transformations from proteinaceous to humic-like 

particles, reflected in the loss of protein-like fluorescence and the production of humic-like 

fluorescence. Applying these online fluorescence methods to aerosols in an urban-coastal 

environment demonstrated the ability to distinguish and characterize marine and continental air 

masses. Lastly, we developed a novel system combining a sublimation-condensation flow tube 

with a matrix-assisted laser desorption ionization matrix and an aerosol time-of-flight mass 

spectrometer to identify sub-100 nm SOA produced from biogenic VOCs. By improving 

bioaerosol detection in marine environments and better understanding their ability to seed clouds, 

the findings from this work enable more accurate representations and parameterizations of marine 

emissions for global climate models. 
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Chapter 1. Introduction 

1.1 Aerosols  

Aerosols are solid or liquid particles suspended within a gas (Seinfeld and Pandis, 2016). 

Aerosol particles range in diameter from single nanometers up to hundreds of micrometers. 

Aerosols can remain in the atmosphere following emission and travel significant distances to 

influence distant locations. The number, morphology, biological composition, and chemical 

composition of aerosols have a significant influence on clouds, climate, and human and ecological 

health (Pöschl, 2005). 

1.2 Aerosol Sources  

Aerosols are generated from a variety of natural and anthropogenic sources and are 

typically categorized into primary aerosols and secondary aerosols. Primary aerosols are directly 

emitted from sources such as dust storms, anthropogenic combustion, volcanic eruptions, breaking 

ocean waves, and biogenic sources. Secondary aerosols are generated through the condensation of 

gaseous volatile organic compounds (VOCs), from both biological and anthropogenic sources, 

after reacting with atmospheric oxidants (Pandis et al., 1992). Following emission, aerosols can 

undergo chemical and morphological transformations upon exposure to solar radiation, reactions 

with atmospheric oxidants, interactions with SOA, and coagulation with other particles (Seinfeld 

and Pandis, 2016). Investigating the influence of different aerosol sources on atmospheric 

interactions is required to elucidate the impact of these particles on the climate and the 

environment.  

1.3 Aerosol Interactions with Clouds and Climate 

Aerosols can affect climate directly by absorbing and scattering solar and terrestrial 

radiation (Pöschl, 2005). Aerosols can also influence climate indirectly by acting as both cloud 
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condensation nuclei (CCN) and ice nucleating particles (INPs) (Andreae and Rosenfeld, 2008). 

The aerosol-cloud interaction currently represents one of the largest uncertainties in the global 

radiative budget (Boucher et al., 2013).  

When the atmosphere becomes supersaturated with water (relative humidity greater than 

100%), water condenses onto aerosol particles forming cloud droplets. Without a particle for water 

to condense onto, supersaturations would reach several hundred percent prior to the formation of 

cloud droplets (Yau and Rogers, 1996). The ability of an aerosol to act as a CCN is determined 

predominantly by its chemical composition and size, with more polar particles and larger particles 

acting as more efficient CCN (Köhler, 1936). CCN can influence cloud radiative properties and 

overall climate. High CCN concentrations can result in decreased cloud droplet diameter and 

therefore brighter clouds, increasing the back scatter of solar radiation and resulting in a net cooling 

effect (Twomey, 1974, 1977). Additionally, an increased number of cloud drops can decrease 

cloud precipitation, leading to longer cloud lifetimes, and affecting radiative forcing (Albrecht, 

1989; Rosenfeld et al., 2014).  

Aerosols can serve as INPs and seed supercooled clouds, those at temperatures below 0°C, 

leading to cloud glaciation (freezing). Although ice nucleating particles are rare in the troposphere, 

comprising only ~1 in 105 – 106 particles, they have a significant impact on clouds and can result 

in glaciation even with low concentrations (DeMott et al., 2010). In the absence of an INP, clouds 

can remain supercooled until the homogeneous freezing temperature of water at -38°C 

(Heymsfield and Miloshevich, 1993), which would lead to vastly different cloud properties. 

However, with an effective INP, ice formation can occur at temperatures as warm as -1°C (Després 

et al., 2012). Because ice crystals grow faster than liquid cloud droplets, the presence of ice crystals 

can lead to shorter cloud lifetimes and increased precipitation (DeMott et al., 2010). The competing 
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effects of CCN and INPs on cloud formation result in the large uncertainty associated with aerosol-

cloud interactions and require further research to elucidate the influence of different aerosol 

sources on cloud properties and global climate. 

1.4 Measurements of Ice Nucleating Particles  

Although INPs can induce freezing through multiple mechanisms, the dominant freezing 

method for mixed-phase clouds (clouds with both supercooled water and ice) is via immersion 

freezing, where an INP is immersed in a supercooled water droplet (Field et al., 2012; Hoose and 

Möhler, 2012; Murray et al., 2012; Westbrook and Illingworth, 2011; Vali et al., 2015). For 

immersion mode freezing analysis, INPs are typically collected onto filters, into liquid solutions, 

or from precipitation and subsequently measured offline. Filter samples are commonly 

resuspended in water and subsequently aliquoted into droplets or wells which are then cooled at a 

controlled rate (Hiranuma et al., 2015). Upon freezing, the temperature of each subsample is 

recorded, and a temperature profile is determined for the INPs within a sample. The number 

concentration of INPs at each freezing temperature is determined by the number of unfrozen wells 

at that temperature and the volume of sample in each well (Beall et al., 2017; Vali, 1971). These 

methods for measuring INP concentrations better constrain the impact of different aerosol sources 

on cloud glaciation.  

When measuring the ice nucleating activity of particles from different sources, it is often 

important to understand the ice nucleating efficiency of those aerosols. A common method to 

describe the efficiency of an ice nucleating particle is the calculation of the active site density (ns) 

or the volume site density (vs) which normalize the INP concentration to the surface area or volume 

of a particle, respectively. These methods are based on the assumptions that ice nucleation is time-

independent and determined by the number of active/ice nucleation sites on a particle which are 
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dependent on temperature or ice supersaturation (Vali, 1971; Alpert et al., 2011). These 

calculations can be determined from laboratory measurements (McCluskey et al., 2018a; DeMott 

et al., 2016; Niemand et al., 2012), or field measurements (McCluskey et al., 2018b), and then 

utilized in climate models for the simulation of INP freezing from a variety of sources (Vergara-

Temprado et al., 2017, 2018b, a; McCluskey et al., 2019). Therefore, it is critical to measure the 

active site density and volume site density of different aerosol sources to better parameterize 

climate models and improve estimates of the global radiative budget.  

INPs are emitted from a variety of different aerosol sources including dust storms (DeMott 

et al., 2010; Neimand et al., 2012) agricultural soils (Garcia et al., 2012; Hill et al., 2016), biomass 

burning (Friedman et al., 2011; Vergara-Temprado et al., 2018a), sea spray (DeMott et al., 2016; 

McCluskey et al., 2017) and biological sources (Fröhlich-Nowoisky et al., 2016). By number, dust 

particles, typically produced through major dust storm events, constitute the majority of INPs 

freezing at temperatures below -15°C (Vergara-Temprado et al., 2017). However, it has been 

shown that biological particles, especially those released in sea spray over remote oceans, can play 

a significant role in the INP budget when dust is not present (Burrows et al., 2013; Vergara-

Temprado et al., 2017) and effectively nucleate ice at warmer freezing temperatures, with some 

biological species found to nucleate ice at temperatures warmer than -10°C (Huffman et al., 2013; 

Bowers et al., 2009; Knopf et al., 2011; Mason et al., 2015; Christner et al., 2008). The potentially 

significance of sea spray acting as INP in marine environments highlights the importance of studies 

on the composition and influence of these particles on cloud formation. 

1.5 Sea Spray Aerosols  

With oceans covering over 70% of the Earth, sea spray aerosol (SSA) particles constitute 

a significant portion of atmospheric aerosols (Gantt and Meskhidze, 2013; Textor et al., 2006). 
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SSA particles are often comprised of complex mixtures of inorganic salts, organic molecules, and 

biological particulates including bacteria, viruses, enzymes, and fragments of phytoplankton and 

diatoms (Cochran et al., 2017; Patterson et al., 2016; Malfatti et al., 2019). SSA particles are 

formed when breaking waves entrain bubbles which burst at the surface of the ocean (Lewis and 

Schwartz, 2004). Bubble bursting consists of two main mechanisms for aerosol release into the 

atmosphere: 1) film drop formation, where the bubble film ruptures and ejects numerous aerosols 

into the air; and 2) jet drop production, where the cavity of the bubble collapses, forming a fluid 

jet which can fragment and release aerosols (Lewis and Schwartz, 2004). These different 

production mechanisms result in different chemical compositions and size distributions for the jet 

and film drops (Wang et al., 2017). Additionally, bubble entrainment can lead to scavenging of 

surface-active and biological materials throughout the water column and result in an enrichment 

of these species at the sea surface and in SSA (Aller et al., 2005; Blanchard et al., 1981; Cunliffe 

et al., 2013; Rastelli et al., 2017; Weber et al., 1983). To better understand the release of biological 

particles from seawater, the composition of SSA, and the influence on clouds and climate, it is 

necessary to properly generate and characterize SSA in the laboratory and accurately identify SSA 

in the field.  

Recent developments in SSA production methods for laboratory experiments have enabled 

more realistic investigations into SSA chemistry (Prather et al., 2013). Modern laboratory studies 

on SSA have utilized wave channels to generate a breaking wave in a controlled ocean-atmosphere 

system (Lee et al., 2015; Sauer et al., 2022). Additionally, small scale experiments can be 

performed using a marine aerosol reference tank (MART) or a miniature MART (miniMART) 

which utilize a plunging waterfall to generate SSA in an isolated system with accurate size 

distributions and production mechanisms (Stokes et al., 2013, 2016). As noted before, the 
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generation of SSA through proper bubble formation and production mechanisms resemblant of the 

real ocean is critical for accurate emissions of biological and chemical species. By employing these 

systems, laboratory-based experiments on SSA composition and concentration can proceed 

without the interference of anthropogenic or terrestrial aerosols. 

1.6 Biological Aerosol Particles  

Biological aerosols, bioaerosols, are comprised of bacteria, pollen, fungi, viruses, cells, 

spores, their fragments, and exudates (Després et al., 2012). Bioaerosols originate from a variety 

of sources including plants, soil, animals, and sea spray, and can range in size from nanometers up 

to millimeters (Fröhlich-Nowoisky et al., 2016). As noted, bioaerosols can act as both efficient 

INPs and CCN due to their size and chemical composition. In addition to their role in the 

hydrological cycle and climate, bioaerosols can have a significant impact on human and ecosystem 

health (Douwes et al., 2003; Fröhlich-Nowoisky et al., 2016). Bioaerosols can act as allergens and 

pathogens which may result in disease and the loss of crops and livestock (Šantl-Temkiv et al., 

2020). Once in the atmosphere, bioaerosols can undergo further chemical and physical changes 

through interactions with solar radiation, atmospheric oxidants (Estillore et al., 2016; Santarpia et 

al., 2012; Pan et al., 2021), and other aerosols such as secondary aerosols formed from biogenic 

VOCs (Zhang et al., 2021; Huffman et al., 2012; Pöschl et al., 2010). These changes to the 

composition of bioaerosol can further affect their ability to act as cloud seeds and alter their 

infectivity or allergenic potential (Ariya et al., 2009; Shiraiwa et al., 2012). Because of their 

significance on the global climate, local precipitation, and environmental health, it is important to 

accurately identify bioaerosols and distinguish their sources. 

1.7 Fluorescent Detection of Biological Species  
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A common way to detect bioaerosols and characterize their composition is through 

fluorescence-based measurements. Fluorescence occurs when a molecule is excited to a singlet 

electronic state from incoming radiation and, during the relaxation to the ground electronic state, 

emits a photon (Lakowicz, 2006). Fluorescence techniques for bioaerosol identification often 

exploit the intrinsic fluorescence of biomolecules such as the amino acids tryptophan, tyrosine, 

and phenylalanine found in proteins, as well as the biological cofactors nicotinamide adenine 

dinucleotide (phosphate) (NAD(P)H), and flavins such as riboflavin (Pöhlker et al., 2012). Other 

fluorescent biomolecules include chlorophyll, natural pigments, and even (deoxy)ribonucleic acid 

(DNA, RNA) (Pöhlker et al., 2012). In addition to fluorescent biomolecules, non-biological 

fluorophores can be characterized including combustion related particles that contain polycyclic 

aromatic hydrocarbons (PAHs) and humic-like substances (HULIS) which arise from the 

breakdown of organic material in terrestrial soils and water bodies such as lakes and oceans 

(Pöhlker et al., 2012). It is important when using fluorescence-based techniques to distinguish 

between different fluorescent molecule types and utilize the fluorescence signature to inform 

source apportionment of particle populations.  

1.7.1 Single-Particle Detection with the WIBS  

A common commercial instrument for real-time fluorescence measurements of bioaerosols 

is the wideband integrated bioaerosol sensor (WIBS). The WIBS is a portable, single-particle 

fluorescence spectrometer designed to detect bioaerosols by characterizing aerosol morphology 

and fluorescent profiles (Kaye et al., 2005). The WIBS has been utilized both in the field and in 

the laboratory to detect various types of bioaerosols, but only recently has it been used for detection 

of SSA (Gabey et al. 2010, 2011; Perring et al. 2015; Hernandez et al. 2016; Savage et al. 2017; 

Toprak and Schnaiter 2013; Crawford et al. 2014, 2016, 2017). The WIBS operates by first 



 
 

8 

detecting an incoming particle based on scattered light from a 635 nm continuous-wave laser. Side-

scattered light is used to determine the optical diameter of a particle using a Mie scattering model 

calibrated with polystyrene latex spheres of known diameters (Gabey et al., 2010). Additionally, 

forward-scattered light is detected on a quadrant photomultiplier tube to determine the shape of a 

particle, known as the asymmetry factor, which ranges from a value of 1 (sphere) to 100 (rod-

shaped particle) (Kaye et al., 2007). The detection of an incoming particle also triggers the firing 

of two sequential xenon lamps (Xe) used for the excitation of fluorescent biomolecules. These 

lamps are used in combination with bandpass filters to enable excitation at 280 nm (Xe1) and 370 

nm (Xe2). Fluorescence emission is then detected in two wavelength bands, again using bandpass 

filters, between 300 – 400 nm (FL1) and between 420 – 650 nm (FL2). The combination of these 

fluorescence excitation and emission wavelengths results in three distinct excitation/emission 

(ex/em) “channels” (ch):  

channel 1, Xe1:FL1 (ex/em: 280 nm / 300 – 400 nm) 

channel 2, Xe1:FL2 (ex/em: 280 nm / 420 – 650 nm) 

channel 3, Xe2:FL2 (ex/em: 370 nm / 420 – 650 nm) 

These fluorescence channels were originally designed to detect the biological fluorophores 

tryptophan, riboflavin, and NAD(P)H for channels 1-3, respectively; however, as mentioned 

before, other fluorophores, such as HULIS, can be detected in these regions and benefit particle 

discrimination in a marine environment (Pöhlker et al., 2012). Fluorescent particles can be further 

defined based on the logical combination of these fluorescent channels into various classes 

(Perring et al. 2015). These classes are exclusive and use the following notation: class A (channel 

1 only), class B (ch 2 only), class C (ch 3 only), class AB (ch 1 & 2), class AC (ch 1 & 3), class 

BC (ch 2 & 3), and class ABC (ch 1, 2, & 3), visualized in Figure 1.1. The breakdown of particle 
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populations into fluorescence classes can be useful for identifying particle sources; however, 

identification often requires characterization of the fluorescence signature of isolated sources.  

1.7.2 Bulk Analysis with EEMS   

Excitation emission matrix spectroscopy (EEMS) is a common technique for 

characterizing different chemical species within a bulk solution (Mostofa et al., 2013). EEMS can 

separate complex mixtures of fluorophores in solution because of its ability to scan through 

multiple excitation and emission wavelengths (Coble, 1996). Unlike the WIBS, EEMS has a higher 

resolution of fluorescence excitation and emission and wider excitation and emission wavelength 

ranges. EEMS can detect several fluorescent biomolecules commonly observed in seawater. These 

include chlorophyll-a which fluoresces from excitation at 400 – 440 nm and emits between 680 – 

690 nm (Pöhlker et al., 2012). Chlorophyll-a is often used as a proxy for biological activity in 

seawater (Falkowski and Kiefer, 1985; Vignati et al., 2010; Rinaldi et al., 2013; Quinn et al., 2014) 

because of its production by phytoplankton and other marine autotrophic organisms. Furthermore, 

EEMS is capable of distinguishing between different protein-like substances, namely the amino 

acids tryptophan (ex/em: 275 – 280 nm / 330 – 350 nm) and tyrosine (ex/em: 275 nm / 300 – 310 

nm) which are common in most biological species including bacteria, viruses, phytoplankton, and 

their exudates and fragments (Determann et al., 1998; Lakowicz, 2006; Mostofa et al., 2013; 

Pöhlker et al., 2012). Another common fluorophore detected with EEMS in marine and terrestrial 

aqueous systems is HULIS (ex/em: 280 – 400 nm / 380 – 550 nm) (Mostofa et al., 2013; Coble, 

1996; Lee et al., 2015). HULIS is produced from the degradation of biological materials and 

recombination into extremely complex and often highly conjugated molecules (Hessen and 

Tranvik, 1998; Zhang et al., 2009). Detection and identification of HULIS is important in the 

marine environment because of its potential to act as a photosensitizer and impact the 
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heterogeneous chemistry in the atmosphere (Graber and Rudich, 2006; Shrestha et al., 2018; Tsui 

and Mcneill, 2018; Wang et al., 2020; Monge et al., 2012). EEMS represents a valuable 

complimentary measurement to the WIBS because together they can measure a bulk solution and 

the aerosol phase. Nevertheless, these two instruments have not yet been combined to measure the 

bulk and aerosol phases of a marine system.  

1.8 Measuring Chemical Composition with ATOFMS  

Another common method for online detection of bioaerosols and other atmospheric 

particles is single-particle mass spectrometry (SMPS). The Aerosol Time-of-Flight Mass 

Spectrometer (ATOFMS) is a well-established instrument for measuring the size-resolved 

chemical composition of single particles in real time (Prather et al., 1994; Gard et al., 1997). The 

ATOFMS has been used in many laboratory and field studies to detect particles originating from 

a variety of sources including dust storms, anthropogenic sources, cell cultures, SOA, and SSA 

(Pratt et al., 2009; Cahill et al., 2015; Creamean et al., 2013; Gaston et al., 2010; Sultana et al., 

2017a). Aerosols entering the instrument are collimated into a particle stream using a nozzle and 

a series of skimmers or with an aerodynamic lens (Liu et al. 1995a, 1995b; X. Zhang et al. 2002, 

2004). Aerosols then pass through a couple of visible-wavelength continuous-wave lasers (two 

532 nm lasers or one 405 nm and one 488 nm laser) located 60 mm apart. As the particles pass 

through the lasers, they scatter light which is focused onto photomultiplier tubes (PMTs) for 

detection. The time delay between the scatter signal on each PMT is used to calculate the terminal 

velocity of the aerosol, which can then be converted to the vacuum aerodynamic diameter based 

on an external calibration with polystyrene latex spheres of known diameter for particles with 

diameters from 0.1 – 1 µm or 0.3 – 3 µm. The scattering signal and particle velocity are then used 

to trigger a pulsed 266 nm Nd:YAG desorption/ionization laser (operating between 0.1 – 1.3 mJ). 



 
 

11 

Following desorption and ionization, positive and negative ions are separated with a dual-polarity 

reflectron time-of-flight mass spectrometer and detected using microchannel plates. The ATOFMS 

represents an extremely powerful instrument for detecting individual particles from a variety of 

sources and analyzing their chemical composition and morphological traits.  

Due to the large datasets generated by the ATOFMS (data on 1000s of single particles), 

different methods have been used to analyze and separate the data into meaningful outputs. Typical 

methods include clustering analyses, such as the adaptive neural network ATR-2a (Song et al., 

1999; Rebotier and Prather, 2007), which cluster spectra based on the ion peak identities and 

intensities. Additionally, spectra can be visually inspected and grouped using the Flexible Analysis 

Toolkit for the Exploration of SPMS data (FATES) (Sultana et al., 2017b) which is a graphical 

user interface software designed in MATLAB (The MathWorks, Inc). Once clusters are generated, 

source assignments are designated based on previous laboratory work and field studies as 

references. These data analysis methods allow for the streamlined identification of particle sources 

and the detection of minor shifts in particle populations, including changes following atmospheric 

oxidation and heterogeneous reactions.  

1.9 Simulated Atmospheric Aging with Oxidative Flow Reactors 

The hydroxyl radical is one of the most important reactive species in the atmosphere and a 

significant source of atmospheric oxidation (Seinfeld and Pandis, 2016). Reactions involving the 

hydroxyl radical lead to the formation of SOA and can alter the chemical composition of primary 

aerosols (Kroll and Seinfeld, 2008). To understand the impact of the hydroxyl radical in a 

controlled laboratory setting, the oxidative flow reactor (OFR) was developed. OFRs simulate days 

of equivalent atmospheric aging over a period of minutes by generating high concentrations of 

hydroxyl radical. The potential aerosol mass oxidative flow reactor (PAM-OFR, Aerodyne Inc) is 
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a commercially available OFR that has been thoroughly characterized (Kang et al., 2007; Li et al., 

2015; Peng et al., 2015). The PAM-OFR is a 13.3 L cylindrical reaction chamber that uses Hg 

lamps at wavelengths of 185 nm and 254 nm to generate the hydroxyl radical and simulate aging. 

The introduction of VOCs and particles into the PAM-OFR has been shown to generate SOA and 

initiate heterogenous reactions (Lambe et al., 2011). While OFRs have been used extensively to 

measure SOA formation and heterogeneous reactions, few studies have used OFRs to simulate 

aging of bioaerosols produced from a marine environment (Trueblood et al., 2020).  

1.10 Dissertation Objectives 

This dissertation focuses on the identification and characterization of biological aerosols 

released in marine and coastal environments through fluorescence and mass spectrometry 

techniques and assesses the impact of these bioaerosols on clouds and the environment. The main 

questions that will be addressed in this dissertation include:  

1. What role do supermicron sea spray aerosols play in the marine ice nucleating 

particle budget?  

2. What is the fluorescence signature of bioaerosols in SSA?  

3. How does the fluorescence signature of SSA change with atmospheric aging and 

oxidation?  

4. How are urban-coastal environments impacted by SSA and other atmospheric 

aerosols?  

5. How do we measure the chemical composition of single-particle sub-100nm 

biogenic SOA?  

1.11 Dissertation Synopsis  
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To address the questions laid out in this dissertation, both laboratory and field studies were 

conducted using a variety of different online and offline instruments and analyses. Chapter 2 of 

this dissertation investigates the size-dependent ice nucleating ability of SSA particles over the 

course of two different mesocosm phytoplankton blooms. This study showed that supermicron 

SSA were the dominant source of INPs released in sea spray throughout all phases of a 

phytoplankton bloom.  

Chapter 3 describes the identification of bioaerosols released in SSA using fluorescence-

based measurements. SSA were measured with the WIBS in tandem with EEMS of collected SSA 

to determine, for the first time, a fluorescence signature of bioaerosols released in nascent SSA. 

The size distribution of fluorescent SSA showed supermicron particles primarily had protein-like 

fluorescence, suggestive of marine bacteria, while submicron particles predominantly had humic-

like fluorescence, indicating dissolved HULIS.  

Chapter 4 expands on the results of Chapter 3 by observing the influence of atmospheric 

aging and oxidation on the fluorescence signature of SSA generated in a wave channel ocean-

atmosphere system. Following exposure to atmospheric aging in an oxidative flow reactor (OFR), 

aged SSA showed the degradation of protein-like fluorescence and the production of humic-like 

fluorescence. The fluorescent particle profile of aged SSA was significantly different from nascent 

SSA after only ~3 days of equivalent aging. 

Chapter 5 investigates the coastal fluorescent aerosol populations at two sampling sites in 

Southern California using the WIBS. A notable difference was observed between the fluorescence 

profiles of continental/anthropogenic aerosols and marine aerosols. Additionally, the fluorescence 

signatures of marine aerosols at both sampling sites were similar, and a potential fluorescence 

indicator of wastewater contaminated SSA was suggested.  
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Lastly, Chapter 6 describes the characterization and development of a novel application of 

the ATOFMS coupled with a sublimation-condensation laminar flow growth tube to grow sub-100 

nm particles using a matrix-assisted laser desorption-ionization (MALDI) matrix. This 

condensation matrix-assisted ATOFMS (cMA-ATOFMS) system enabled the detection and 

ionization of particles with diameters as small as 20 nm, previously below the detection limit of 

the ATOFMS. The cMA-ATOFMS system was tested to optimize sub-100nm SOA particles 

detection and was capable of distinguishing between anthropogenic and biogenic sulfur containing 

secondary aerosols.  
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1.13 Figures  

 

Figure 1.1. Breakdown of the different WIBS channels with the corresponding excitation (ex) and 

emission (em) wavelengths. Also shown are the different WIBS fluorescence classes color 

coordinated to show the fluorescence profile with channel 1 (yellow), channel 2 (blue), and channel 

3 (red).   
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Chapter 2. Importance of Supermicron Ice Nucleating Particles in Nascent Sea Spray 

2.1 Abstract 

  With oceans covering 71% of the Earth's surface, sea spray aerosol (SSA) particles play an  

important role in the global radiative budget by acting as cloud condensation nuclei and ice 

nucleating particles (INPs). By acting as INPs, SSA particles affect the structure and properties of 

mixed-phase clouds by inducing freezing at warmer temperatures than the homogeneous freezing 

temperature. Climate models that incorporate marine INPs use the emission of submicron SSA in 

INP parameterizations because these particles contain a higher fraction of organic mass. Here we 

show supermicron SSA particles, produced using a natural breaking wave analogue, are the major 

source of INPs throughout the lifecycle of a phytoplankton bloom. Additionally, supermicron SSA 

particles are shown to be more efficient INPs than submicron SSA particles, because they carry a 

greater number of ice active components. Thus, supermicron SSA needs to be incorporated in INP 

parameterizations for future climate models. 

2.2 Introduction 

  Mixed-phase clouds, those containing both ice crystals and supercooled water, play a 

significant role in the global radiation budget due to their ubiquity, especially at high latitudes 

(Shupe et al., 2008). Aerosol particles affect mixed-phase cloud formation by acting as cloud 

condensation nuclei and ice nuclei. Ice nucleating particles (INPs) have been shown to glaciate 

mixed-phase clouds and change their radiative and physical properties (DeMott et al., 2010; 

Lohmann, 2002; Lohmann & Feichter, 2005). Without an effective particle upon which ice can 

form, water will remain supercooled in the atmosphere down to a temperature of −38°C, where 

homogeneous freezing occurs for dilute liquid aerosols (Heymsfield & Miloshevich, 1993). 

However, water will freeze in the atmosphere at temperatures as warm as −1°C with an effective 
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INP (Després et al., 2012). Determining the freezing conditions of different INPs is important for 

understanding cloud glaciation influenced by different aerosol populations. It is believed that the 

primary mechanism for freezing in mixed-phase clouds is through immersion of INPs into 

supercooled water droplets, known as the immersion freezing mode (Field et al., 2012; Hoose & 

Möhler, 2012; Murray et al., 2012; Westbrook & Illingworth, 2011).   

  Sea spray aerosols (SSA) particles have been shown to be a major source of INPs in the 

marine atmosphere (DeMott et al., 2016; Wilson et al., 2015). SSA particles are considered to be 

the most likely source of INPs in remote marine locations, representing up to 80% of INPs over 

the high latitude oceans when dust is not present (Burrows et al., 2013; Vergara-Temprado et al., 

2017). Ice nucleating entities (INEs) are the chemical species in seawater that are transferred into 

SSA particles and can form INPs. Potential species that act as INEs include proteins, 

carbohydrates, and cell fragments which, along with other organic species, are often enriched in 

the sea surface microlayer (SSML, Aller et al., 2005; McCluskey et al., 2018b; Schnell & Vali, 

1976; Wilson et al., 2015). Wilson et al. (2015) studied INEs in various locations and found the 

organic-rich SSML contains more INEs that nucleate ice at warmer temperatures than bulk 

seawater. They showed that, upon filtration of the SSML and subsequent measurement of the ice 

nucleating ability of the filtrate, INEs in the SSML are likely submicron in size. Using a slightly 

different sampling method, measurements of the bulk seawater and the SSML in the Canadian 

Arctic by Irish et al. (2017) concluded that INEs were biological material with diameters between 

0.2 and 0.02 µm, supporting the measurements made by Wilson et al. (2015).  

  Breaking waves form bubbles which burst at the ocean surface to produce SSA. When 

bubbles rupture, INEs can be transferred from seawater to the atmosphere and serve as INPs in 

SSA. There are two main SSA production mechanisms: (1) the retraction and fragmentation of the 
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bubble cap, which ejects film drops and (2) the production of a fluid jet at the base of the bubble 

that fragments through a Plateau-Rayleigh instability and produces jet drops. These generation 

mechanisms produce droplets with different size distributions and distinct chemical compositions 

(Veron, 2015). Wang et al. (2017) investigated the impact of production mechanisms on submicron 

INP concentrations and found INPs generated by jet drops had higher concentrations than those 

generated by film drops, suggesting a potential size-differentiated distribution of INEs released in 

SSA particles. The compositional differences of SSA based on particle size, referred to as a size-

resolved external mixing state, have motivated the study of the effect of SSA size on INP 

concentration. Previously, Rosinski, et al. (1986, 1987) suggested that marine INPs were 

submicron in size based on physical and chemical analysis of filter-collected INPs. However, 

Schnell and Vali (1976) discovered a source of “ocean derived nuclei” from seawater INEs that 

were micron-sized and suggested that these nuclei were responsible for increased INPs over 

regions of elevated ocean productivity.  

  There has been a recent resurgence in the number of studies measuring the size of INPs in 

marine locations, which include anthropogenic and terrestrial sources in addition to SSA 

(Creamean et al., 2019; Ladino et al., 2019; Mason et al., 2015, 2016; McCluskey et al., 2018a, 

2018c; Si et al., 2018). These studies often show that the majority of INPs are supermicron in scale. 

Although Ladino et al. (2019) hypothesized that some of the supermicron INPs observed could 

consist of marine biological particles, there may have been other sources, such as mineral dust or 

terrestrial biological aerosols, making it impossible to definitively determine the origin of the INPs.  

  The approach here uses a unique system to produce isolated, nascent SSA in a laboratory 

setting, which excludes all other sources of INPs, to measure the size-resolved ice nucleating 

activity for immersion freezing. Previously, DeMott et al. (2016) and McCluskey et al. (2017, 
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2018b) investigated INPs from SSA generated in the laboratory in a wave flume and a Marine 

Aerosol Reference Tank (MART, Stokes et al., 2013). DeMott et al. (2016) found INP 

concentrations from laboratory-generated SSA were consistent with concentrations measured in 

remote marine locations. McCluskey et al. (2017) investigated nascent SSA from mesocosm 

blooms and observed an increase in INP concentrations after the senescence of phytoplankton 

bloom biomass. Through chemical analysis of the SSA, McCluskey et al. (2018b) hypothesized 

two sources of marine INPs: molecular INEs in dissolved organic carbon, and INEs as particulate 

organic carbon derived from marine microbes. None of these studies reported the size-resolved ice 

nucleating activity of nascent SSA without the influence of other aerosols. As discussed earlier, 

the size differentiation of INPs is important for understanding the composition and factors 

controlling the ice nucleating abilities of SSA particles. Therefore, the size range for the most 

active INP population was measured over the course of two phytoplankton blooms in natural 

seawater to better understand how biology and physical production processes affect the ice 

nucleating ability of SSA. 

2.3 Materials and Methods 

  2.3.1 Overview of the Experiment 

  SSA was generated during two mesocosm phytoplankton blooms from June 18, 2017 to 

June 29, 2017 and September 20, 2017 to October 13, 2017. Blooms were induced in an outdoor 

tank through the addition of nutrients and sodium silicate to seawater collected from the Pacific 

Ocean. Water from the tank was transferred to a MART to generate SSA. Sampling days were 

chosen based on chlorophyll-a concentrations, a common indicator of phytoplankton growth. SSA 

sampling was performed at three critical times during the phytoplankton bloom: before the peak, 

during the peak, and after the peak of the bloom during senescence.   
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  A schematic of the experiment setup is shown in Figure 2.5. SSA particles generated in the 

MART were sent into two main sampling lines, one for characterization of the size distribution 

and the other for collecting SSA on filters for off-line processing of INP activity. SSA particles 

were dried with silica diffusion driers, to ensure the relative humidity was below the deliquescence 

point, prior to measuring the size distribution with a scanning mobility particle sizer (SMPS) and 

an aerodynamic particle sizer (APS). SSA particles for off-line processing were collected onto 

0.2 µm polycarbonate filters for a period of 18 h at a flow rate of 4.5 L/min. After collection, the 

INPs were eluted off the filters with a milliQ water wash and subsequently measured with an 

automated ice spectrometer, with controlled cooling from −5°C to −35°C, to determine the 

immersion freezing temperatures of the samples (Beall et al., 2017). The SSA particles were 

divided into two size ranges before reaching the filters: submicron, which excluded droplets 

greater than 1 μm dry diameter, and total, which included all droplets produced (both supermicron 

and submicron). Particles were removed from the submicron SSA population using a custom 

impactor with a 50% collection efficiency cut-off at an aerodynamic diameter of 2 μm near 80% 

relative humidity (RH). Particles with aerodynamic diameters of 1 μm at 80% RH passed through 

with close to 0% collection efficiency and particles with 3 μm diameters had a 90% collection 

efficiency through this impactor. Assuming spherical particles, there is a factor of 2 size reduction 

upon desiccation (Lewis & Schwartz, 2004). Therefore, once dried, the aerosol physical diameter 

at 50% collection efficiency is approximately 1 μm. The supermicron particles removed by the 

custom impactor were not collected for analysis. Additionally, measurements of seawater 

chlorophyll-a concentration, and bacterial and viral concentrations were performed on each day. 

Further details on the methods are in the supporting information and the data is available at: 

https://doi.org/10.6075/J0GM85TV. 

https://urldefense.com/v3/__https:/doi.org/10.6075/J0GM85TV__;!!Mih3wA!TG7yzVC31zQtDbcJur4V47DbTpkYWZsRf-fv6KANw7A4Q6TjjjvwB2N8QIBUQOJq$
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2.4 Results 

  2.4.1 Conditions for Mesocosm Phytoplankton Blooms  

  Two phytoplankton blooms, representative of the microbial communities off La Jolla, 

California at different times of the year, were induced (Figures 2.1a, 2.1b). Both blooms reached 

chlorophyll-a maximum values in the range of 0.1–10 µg/L, typical of moderate phytoplankton 

blooms in the Pacific Ocean (Coale et al., 1996; McClain, 2009; Wernand et al., 2013). The first 

phytoplankton bloom, induced during the summer, reached a maximum chlorophyll-a 

concentration of 8.79 µg/L, 4 days after spiking with F/100 nutrients. The second phytoplankton 

bloom, in the fall, showed a minor increase in chlorophyll-a fluorescence after spiking with F/100 

but required an additional spike with F/20 nutrients on October 3, 2017 to achieve a full bloom, 

with a peak concentration of 4.48 µg/L. The two blooms showed similar abundances of both 

bacteria and viruses, consistent with previous observations in marine environments (Bergh et al., 

1989; Hara et al., 1991). Bacterial concentrations during both blooms were on the order of 106 

mL−1 while virus concentrations ranged from 107 to 108 mL−1.  

  Phytoplankton blooms follow a typical pattern known as the microbial loop, where the 

breakdown of phytoplankton coincides with bacterial growth (Azam et al., 1983). After peaking, 

bacterial concentrations decline due to viral lysis (Wilhelm & Suttle, 1999). Both blooms followed 

this pattern, with bacterial populations tracking the chlorophyll-a growth with a slight delay 

(Figures 2.1a, 2.1b). The viral growth progressed after the peak in the bacterial concentrations and 

generally increased throughout the course of the bloom into senescence. Presuming INEs are 

biological in origin (Alpert et al., 2011; Irish et al., 2017; Knopf et al., 2011, McCluskey et al., 

2018b; Wilson et al., 2015), the concentration of INEs is expected to change throughout these 

biological growth and degradation processes.  
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  2.4.2 Measured INP Concentrations 

  Figure 2.2 compares the INP concentrations of total SSA to submicron SSA for both 

blooms. The INP concentrations for total SSA were typically a factor of 10 higher than those 

measured for submicron SSA, demonstrating there was a larger abundance of species that form 

INPs in the supermicron SSA population. On October 2, 2017 the submicron INPs reached their 

highest concentrations and fell in the lower range of observed total INP concentrations. However, 

on this day, there were also elevated total INP concentrations and supermicron INPs remained the 

most abundant. Fisher’s exact test was used to compare the significance of the INP concentrations 

for the total and submicron particle populations for each sampling day of both blooms (Fisher, 

1922). The higher INP concentrations observed in total SSA were statistically significant (p-value 

<0.05) at all times throughout both blooms, independent of the stage of the bloom lifecycles. 

  The warmest temperatures at which significant differences occurred between total and 

submicron INP activities ranged from −14°C and −17°C (Table 2.1). At these mid-level 

temperatures and colder, total INPs were significantly higher in concentration. McCluskey et al. 

(2017) observed an increase in INP concentrations between temperatures of −15°C and −25°C 

after the peak of a phytoplankton bloom. Our results show that the predominant INP source in this 

temperature range was from supermicron particles. There were two observations, at −8°C and 

−11°C, of warm submicron INPs. Both data points were considerably warmer than the other 

submicron INP temperatures, indicating they may have been from a distinct source of biological 

INEs or, more likely, random variability or potential contamination. However, these two outliers 

did not represent the majority of the INP populations measured or change the conclusion that 

supermicron INPs dominate in the mid to cold temperatures. 

  2.4.3 Calculated Number and Volume Site Densities 
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  The number site density, ns, is often used to describe the efficiency of a single INP type by 

normalizing the INP concentration to the total dry aerosol surface area, calculated from the number 

size distribution (Figures 2.6a, 2.6b). The number site density has been used to parameterize INP 

concentrations from size distributions of SSA and dust INP types in an atmospheric model 

(McCluskey et al., 2019). In this study, we used the number site density to compare how efficient 

total INP and submicron INP populations were to one another. As shown in Figure 2.3a, the 

number site densities for both submicron and total aerosols fell within the values for lab generated 

SSA previously reported by DeMott et al. (2016). However, the total particles generally showed 

larger number site densities compared to submicron particles, indicating that submicron SSA are 

less efficient INPs in primary SSA. Additionally, this figure shows the range of number site density 

values measured by McCluskey et al. (2018c) for INPs collected in clean marine air masses at the 

Mace Head Research Station in Ireland.  

  Figure 2.3a shows the total INP number site densities measured in this laboratory study fell 

within the range of number site densities measured for ambient SSA. Total INP number site 

densities occurred at the upper end of those measured at Mace Head. This could be because marine 

events with enhanced INPs were excluded from the values reported by McCluskey et al. (2018c). 

This difference may also reflect the influence of atmospheric processes on INPs in the real 

atmosphere, such as aerosol scavenging through wet and dry deposition and/or secondary 

reactions. The results of this study are consistent with recent ambient observations suggesting 

supermicron sized particles play a major role acting as marine INPs.  

  After normalizing to the surface area, supermicron INPs had moderately higher number 

site densities compared to submicron particles. A subsequent normalization of the ice active sites 

to aerosol volume showed submicron and total particle populations had comparable volume site 
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densities, vs (Figure 2.3b). A linear fit was generated using the volume site density data from both 

blooms based on the following equation: log10(vs) = a·T + b, where vs is the volume site density 

(cm-3) and T is the freezing temperature (°C). The fit parameters (±95% confidence intervals) 

based on this equation were −0.18 (±0.02) and 2.41 (±0.27), respectively, with a coefficient of 

determination of 0.71. This relationship supports the idea that the number of entrained INEs scales 

with SSA volume. Supermicron particles, which have larger volumes, therefore likely contain 

more INEs than submicron SSA particles.  

  2.4.4 INE Transfer to INP 

  INE concentrations measured during the second bloom using immersion freezing are 

reported for bulk seawater and SSML samples (Figure 2.4a, 2.4b). INE concentrations in the 

microlayer were greater than those in bulk seawater, a trend reported in previous studies (Irish et 

al., 2017; McCluskey et al., 2018b; Wilson et al., 2015). The concentrations of the INEs in the 

SSML and bulk seawater fall within those reported for seawater from the Pacific Ocean 

(McCluskey et al., 2018b). The number of INEs increased over the course of the phytoplankton 

bloom, which corresponded with the observed increase in total INP concentrations at the end of 

the bloom (Figure 2.4c); more INEs in the bulk was consistent with more INPs in the SSA. 

However, the lack of a clear trend between INE and INP concentrations suggests an increase in 

the number of INEs alone was not sufficient to explain the observed INP concentration behavior. 

We speculate that unidentified processes influence the selection of INEs into SSA particles. 

Although INEs were not size selected in our seawater samples, previous studies found that INEs 

within the SSML and bulk are between 0.02 and 0.2 µm (Irish et al., 2017; McCluskey et al., 

2018b; Wilson et al., 2015). Additionally, these studies demonstrated that the INEs are likely 

biological in nature. It is known that bubbles scavenge both biological and surface-active particles, 
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resulting in an enrichment of these species at the sea surface (Blanchard et al., 1981; Cunliffe et 

al., 2013; Weber et al., 1983). Previously, Rastelli et al. (2017) showed supermicron SSA particles 

contain a higher overall abundance of biological species compared to submicron SSA particles. 

Furthermore, submicron jet drops were shown to have higher ice nucleating activity than 

submicron film drops; likely due to the different production mechanisms and different chemical 

compositions (Wang et al., 2017). A majority (60%–80%) of all submicron SSA particles are film 

drops (Wang et al., 2017), whereas jet drops are believed to comprise a majority of SSA particles 

with diameters from 1 to 25 μm (80% RH) (de Leeuw et al., 2011). Therefore, we suggest 

scavenging of INEs in surface-active material through rising bubbles and subsequent airborne 

transfer in supermicron sized SSA, likely through jet drops, as an important mode of transport 

(Figure 2.7). 

2.5 Conclusions 

  Laboratory measurements comparing the ice nucleating activities of submicron versus total 

SSA particles in an isolated ocean/atmosphere study show supermicron SSA particles are the 

dominant source of INPs in nascent SSA. We show INPs in supermicron SSA have higher ice 

nucleation active site densities when normalized by surface area compared to INPs in submicron 

SSA. When the active sites were normalized to aerosol volume, submicron and total SSA 

populations showed comparable results, suggesting the transfer of INEs into SSA scales with 

particle volume. These measurements support the conclusion that supermicron SSA particles are 

the main source of INPs released from the ocean and marine INEs are predominantly transferred 

into these particles because they represent the bulk of SSA volume. The dominance of supermicron 

INPs in nascent SSA is consistent with prior studies, which quantified the important role of 

supermicron INPs in ambient environments but were unable to unambiguously show that SSA 
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particles led to the observed difference in activity. This laboratory study is the first to clearly show 

that supermicron SSA particles represent a key source of nascent INPs in marine environments. A 

caveat to this conclusion is that the ice nucleating properties of aged SSA are potentially quite 

different from the nucleating properties of the nascent SSA studied here. Assuming this is not the 

case, factors leading to changes in SSA production or biological processes resulting in an increased 

flux of supermicron SSA particles are likely to have a strong impact on marine clouds and climate. 

  A question remains as to which physical mechanism produces supermicron INPs. As 

discussed herein, SSA particles are produced via two bubble-bursting mechanisms: (1) the breakup 

of a jet formed at the base of a bursting bubble producing jet drops and (2) the fragmentation of 

the retracting bubble cap film producing film drops. Current wisdom is that most supermicron SSA 

particles, and therefore supermicron INPs, are produced via jet drops (Lewis & Schwartz, 2004). 

Additionally, it has been proposed that INEs are enriched in jet drops relative to film drops. Wang 

et al. (2017) analyzed the ice nucleating activity of submicron SSA and, upon normalization to the 

total aerosol surface area and volume, found INP concentrations from jet drops were greater than 

those from film drops. They suggested the observed dominance of INPs in submicron jet drops 

could be explained if the jet drop production mechanism concentrates INEs more than film drop 

production. Unlike the study by Wang et al. (2017), which used bubble generators, the results 

shown here on SSA generated using a breaking wave analogue do not suggest enhancement of 

INEs in supermicron particles after normalization to aerosol volume. However, the dominance of 

supermicron INPs indicates that jet drops serve as an efficient transfer method of INEs into SSA 

particles for the observed temperature regime (−26°C to −8°C). 

  Previous studies aimed at representing marine INPs in global climate models assumed all 

marine INPs were derived from submicron SSA particles (Burrows et al., 2013; Huang et al., 2018; 
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Vergara-Temprado et al., 2017). McCluskey et al. (2019) found model-observation closure for 

marine INPs using ice nucleating site densities that included all aerosol particle sizes. However, 

they highlighted the critical need for studies that resolve the size-dependence of marine aerosol 

composition on INP efficiency. Here, supermicron particles represent the major fraction of INPs 

in nascent SSA during two phytoplankton blooms. These results suggest that existing marine INP 

parameterizations need to include supermicron marine INPs in global climate models. 

Additionally, based on the volume scaling shown in this analysis, models should consider 

parameterizing INPs in SSA based on active sites normalized to dry particle volume as opposed to 

surface area. Without accounting for the impact of supermicron INPs, this study predicts an 

underestimation of the number of marine INPs by a factor of 10, which will lead to a subsequent 

misrepresentation of the effects on the global radiative budget. Future work focused on the 

composition of INEs and their transfer to the marine atmosphere as INPs will benefit model 

simulations of aerosol impacts on clouds and climate over remote marine locations, especially over 

the Southern Ocean.   
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by AGU. Copyright 2021 American Geophysical Union. The dissertation author is the primary 

investigator and author of this manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

42 

2.7 Figures  

 
Figure 2.1. Temporal profiles of chlorophyll-a concentration, bacteria and virus concentrations in 

seawater for (a) Bloom 1 and (b) Bloom 2.  
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Figure 2.2. INP concentrations for submicron (teal) and total (navy) SSA populations plotted for 

both Bloom 1 (closed marker) and Bloom 2 (open marker).  
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Figure 2.3. (a) Number site densities of the submicron (teal) and total (navy) populations plotted 

against freezing temperatures for Bloom 1 (closed markers) and Bloom 2 (open markers). For 

reference, the ranges are plotted for laboratory SSA values from DeMott et al. (2016) and ambient 

values by McCluskey et al. (2018c). (b) Volume site densities of submicron and total populations 

plotted against freezing temperatures for Bloom 1 and Bloom 2. A best fit (R2 = 0.71) is shown 

for the combined total and submicron data from both blooms with the following equation: log10(vs) 

= −0.18·T + 2.41, where vs is the volume site density (cm-3), and T is temperature (°C). 
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Figure 2.4. Daily INE concentration in (a) bulk seawater; and (b) sea surface microlayer during 

Bloom 2. (c) Daily INP concentration for Bloom 2 submicron (red) and total (blue) particles. For 

reference, the range of INE concentrations from bulk seawater and the sea surface microlayer 

measured by McCluskey et al. (2018b) are included.  
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2.8 Supplemental Information 

2.8.1 Phytoplankton Bloom Experiments 

110 gallons of seawater were collected at the Ellen Browning Scripps Memorial Pier 

(32.8663° N, 117.2546° W) and transported in 5-gallon water containers to the University of 

California, San Diego. After transport, the seawater was placed in a 300-gallon outdoor tank and 

spiked with 8.36 mL of sodium silicate and 1.08 mL of Guillard’s F/2 algae food, creating an F/100 

nutrient solution (Guillard & Ryther, 1962). These solutions contain the necessary metals and 

nutrients to support a phytoplankton bloom. The first nutrient additions occurred on 6/18/2017 for 

the first bloom, and on 9/25/2017 for the second phytoplankton bloom. A second addition of F/20 

solution was added during the second bloom on 10/03/2017 to increase phytoplankton activity, 

which was weak. Chlorophyll-a fluorescence was measured using a handheld fluorometer (Turner 

Designs, AquaFluor) to evaluate phytoplankton activity during the bloom’s lifecycle and 

determine when to sample the SSA. On sampling days, 30 gallons of water were transferred from 

the outdoor tank into a MART for SSA generation. The water was transferred back into the outdoor 

tank to continue growth at the end of the sampling period.   

2.8.2 Measurement of the Microbial Counts 

The microbial activity of both blooms was characterized by measuring the total bacterial 

and viral concentrations within the bulk seawater. Samples of the bulk seawater were collected on 

sampling days using a stainless steel spigot on the side of the MART. 1900 µL of each sample was 

aliquoted into a Cryovial (Simport, Model T311-4A) and fixed with 100 µL of 10% electron 

microscopy-grade glutaraldehyde. The Cryovials were cooled in a 4°C refrigerator for 15 minutes 

before flash freezing in liquid nitrogen for 15 minutes and finally placed in a −80°C freezer.  For 

analysis, the samples were thawed and filtered onto 0.02 µm filters (Whatman, Anodisc 25) using 
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vacuum filtration kept below 5 inHg to prevent cell lysing. The filters were then stained for 15 

minutes in the dark using a 25x concentrated Sybr Green II solution following previously described 

protocols by Noble & Fuhrman (1998). After staining, the filters were dried in a desiccator for 20 

minutes and mounted onto a microscopy slide primed with 10 µL of antifade mountant (Invitrogen, 

SlowFade Gold).  A slide cover with 10 µL of antifade mountant was placed atop of the filter to 

prevent degradation of the nucleic acid stain and then secured with clear nail polish. The slide was 

then placed into an epifluorescence microscope (Keyence BZ-X700) and illuminated with 470nm 

light to excite the stain and cause fluorescence emission.  Pictures of 10 different sections of the 

filter were taken at 100X.  Bacteria and viruses were then counted in each image and scaled to the 

size of the filter to represent the total concentration in the sample. 

2.8.3 Marine Aerosol Reference Tank 

The MART continuously generated an intermittent plunging waterfall (4 seconds on, 10 

seconds off). This action produces a realistic size distribution of sea spray aerosols, further details 

of which can be found in Stokes et al. (2013). The MART allows for a completely isolated system 

to perform SSA experiments without the influence of anthropogenic aerosol sources. A zero-air 

generator (Sabio, Model 1001), which scrubs the air of particles, was used to supply clean air into 

the MART. The headspace of the MART was cleared of any particles before the start of SSA 

generation and sampling.  

2.8.4 Particle Size Distributions 

Particle populations were divided based on their size using a custom-built impactor. The 

impactor cut-off at 2 µm was accomplished with a flow rate of 4.5 L/minute; determined through 

empirical testing. At this flow rate, half of the population of aerosolized 2 µm polystyrene latex 

spheres made it through the impactor (50% collection efficiency). A 2 µm cut-off applied to the 
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SSA generated by the MART (RH ~80%) yielded a dried particle size cut-off of 1 µm (Lewis & 

Schwartz, 2004). To measure the size distribution of SSA for this experiment, both an SMPS and 

an APS were used in tandem to cover the particle sizes from 15 nm to 20 µm. The SMPS was 

composed of an electrostatic classifier (TSI, Model 3082), to size select the aerosols, attached to a 

water-based condensation particle counter (TSI, Model 3787) to count the number of particles 

within each size bin. The SMPS measured particle mobility diameter from approximately 14 nm 

up to 500 nm whereas the APS (TSI, Model 3321) measured the aerodynamic diameter of particles 

from approximately 500 nm up to 20 µm. To convert the aerodynamic diameter of the APS to the 

physical diameter, dried SSA were assumed to be spherical particles with a density of 1.8 g·cm-3, 

based on previous measurements (Stokes et al., 2013). 

2.8.5 Ice Nucleating Particle Analysis 

Prior to any particle collection, INP filters and filter holders were cleaned using 10% 

hydrogen peroxide for one hour, rinsed three times with milliQ filtered water, and left to dry in a 

closed, clean space. SSA were collected onto 0.2 µm polycarbonate filters (Whatman, Nuclepore 

Track Etched Membrane) for eighteen hours, overnight. The flow of air through each INP filter 

was set to 4.5 L/minute using a mass flow controller.  On days with high particle loading, the flow 

rate dropped on the total filter below the set point of the mass flow controller. However, the 

original flow of 4.5 L/minute was used to calculate the INP particle concentration deposited on the 

filter. Therefore, the INP concentration reported for the total size population is effectively a lower 

limit. After aerosol collection, the filters were removed from the filter holders using hydrogen 

peroxide-cleaned Teflon forceps, placed into sterile petri dishes, and stored in a −20°C freezer to 

preserve the samples until analysis at a later date (Wex et al., 2019). For analysis, the filters were 

thawed and individually placed into sterile 15 mL conical centrifuge tubes (Corning, Falcon 
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polypropylene centrifuge tubes) along with 4 mL of milliQ filtered water. The tubes were then 

shaken using an orbital platform shaker (Ibi Scientific, The Belly Dancer) for 15 minutes, 

transferring the INPs into the liquid solution. Each sample was then pipetted into 30 wells of a 96-

well plate, with 50 µL of solution per well. MilliQ water was also pipetted into 30 wells for each 

test and used as a blank for the INP concentrations. Once filled, the 96-well plate was placed into 

the automated ice spectrometer (AIS) to determine the immersion freezing temperature and 

concentration of the INPs in each well (Beall et al., 2017). Error bars associated with the INP 

concentrations represent the 95% confidence interval, derived from the score confidence interval 

(Agresti & Coull, 2012).  

During the second phytoplankton bloom, bulk seawater and SSML samples were measured 

to calculate the daily INE concentrations in each sample. SSML samples were collected using the 

glass plate method and bulk seawater samples were taken from a spigot in the MART tank, located 

approximately 0.2 meters below the surface of the water (Cunliffe et al., 2013). To measure the 

INE concentrations, bulk seawater and SSML were pipetted into a 96-well plate and analyzed with 

the AIS in the same manner as the washed filter samples. Corrections for the freezing depression 

from salts within these samples were not applied in our analysis.  

2.8.6 Number Site Density and Volume Site Density Calculations 

The number site density, ns (per square centimeter), is calculated by dividing the INP 

concentration (per liter of air) of each day, by the daily mean surface area (units of square 

micrometer per cubic centimeter). The ns is calculated through the following equation: 

𝑛𝑠(𝑇) = 𝑛𝐼𝑁𝑃𝑠(𝑇) (
105

𝑆𝑡𝑜𝑡
)     [2.1] 

Where, in Eq. 2.1, 𝑛𝐼𝑁𝑃𝑠(𝑇) corresponds to the INP concentration at a given temperature, 𝑆𝑡𝑜𝑡 

represents the daily mean surface area, and the 105 factor is applied to account for the INP units of 
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liters of air. Error for the number site density was propagated from the standard deviation of the 

surface area and the standard deviation of the INP concentrations. The standard deviation of the 

combined size distribution measured by the APS and the SMPS was calculated for the submicron 

and total particle population for each sampling day and propagated to the daily standard deviation 

of the surface area distribution. The standard deviation of the INP concentrations was calculated 

based on the score confidence interval equation (Agresti & Coull, 2012) using a z-score of 1 to get 

the 68% confidence interval, which was assumed as the standard deviation based on a normal 

distribution.  

 The volume site density vs (per cubic centimeter) was calculated in the same manner as the 

number site density but by dividing by the daily mean volume (units of cubic micrometer per cubic 

centimeter). Vs is calculated through the following equation:  

𝑣𝑠(𝑇) = 𝑛𝐼𝑁𝑃𝑠(𝑇) (
109

𝑉𝑡𝑜𝑡
)     [2.2] 

Where in Eq. 2.2, 𝑛𝐼𝑁𝑃𝑠(𝑇) again corresponds to the INP concentration at a given temperature, 

𝑉𝑡𝑜𝑡 represents the daily mean volume, and the 109 factor accounts for the INP units of liters of air. 

Error for the volume site density was propagated in the same manner as the number site density 

but instead using the propagated standard deviation of the volume and the standard deviation of 

the INP concentrations.  
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2.9 Supplemental Figures  

 

 

Figure 2.5. Experimental setup. 
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Figure 2.6. Dry diameter, number size distributions for (a) Bloom 1 and (b) Bloom 2 measured 

with an aerodynamic particle sizer and a scanning mobility particle sizer. Surface area distributions 

for (c) Bloom 1 and (d) Bloom 2. 
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Figure 2.7. Schematic depicting a potential process by which ice nucleating entities are scavenged 

through rising bubbles and subsequently ejected through jet drops and film drops, resulting in ice 

nucleating particles.   
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Figure 2.8. Daily INP concentrations for the Bloom 1 submicron (red) and total (blue) particle 

populations.  
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2.10 Supplemental Tables  

Table 2.1. The warmest temperatures at which the differences between the total and submicron 

INP concentrations were statistically significant across each sampling day of both blooms. 

Significance was determined using the Fisher’s exact test (Fisher, 1922). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bloom 1 Date Temperature (°C) 

06/22/2017 −17 

06/25/2017 −17 

06/28/2017 −17 

Bloom 2 Date Temperature (°C) 

09/26/2017 −17 

09/29/2017 −14 

10/02/2017 −15 

10/10/2017 −16 

10/13/2017 −14 
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Chapter 3. Tandem fluorescence measurements of organic matter and bacteria released 

in sea spray aerosols 

3.1 Abstract  

Biological aerosols, typically identified through their fluorescence properties, strongly 

influence clouds and climate. Sea spray aerosol (SSA) particles are a major source of biological 

aerosols, but detection in the atmosphere is challenging due to potential interference from other 

sources. Here, the fluorescence signature of isolated SSA, produced using laboratory-based aerosol 

generation methods, was analyzed and compared with two commonly used fluorescence 

techniques: excitation−emission matrix spectroscopy (EEMS) and the wideband integrated 

bioaerosol sensor (WIBS). A range of dynamic biological ocean scenarios were tested to compare 

EEMS and WIBS analyses of SSA. Both techniques revealed similar trends in SSA fluorescence 

intensity in response to changes in ocean microbiology, demonstrating the potential to use the 

WIBS to measure fluorescent aerosols alongside EEMS bulk solution measurements. Together, 

these instruments revealed a unique fluorescence signature of isolated, nascent SSA and, for the 

first time, a size-segregated emission of fluorescent species in SSA. Additionally, the fluorescence 

signature of aerosolized marine bacterial isolates was characterized and showed similar 

fluorescence peaks to those of SSA, suggesting that bacteria are a contributor to SSA fluorescence. 

Through investigation of isolated SSA, this study provides a reference for future identification of 

marine biological aerosols in a complex atmosphere. 

3.2 Introduction 

Biological aerosols, or bioaerosols, are particles that include organisms, biological 

fragments, excretions, or dispersal units (Fröhlich-Nowoisky et al., 2016). These particles are 

ubiquitous in the atmosphere and can have profound effects on clouds and climate by acting as 
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cloud condensation nuclei and ice nuclei in clouds (Fröhlich-Nowoisky et al., 2016). Therefore, 

there is a strong interest to identify bioaerosols and understand their atmospheric dynamics. A 

widely used method for bioaerosol identification is fluorescence spectroscopy, which exploits the 

intrinsically fluorescent biomolecules found in these aerosols (Pöhlker et al., 2012). However, 

aerosols in the atmosphere are often externally mixed populations from different sources, making 

it a challenge to separate particle types based on fluorescence alone. Thus, it is necessary to 

characterize the fluorescence of isolated particle sources to disentangle the impact of different 

bioaerosols in the atmosphere.  

The oceans have been shown to be a major source of bioaerosols, via sea spray aerosol 

(SSA) particles (Fröhlich-Nowoisky et al., 2016; Després et al., 2012). SSA particles are produced 

when bubbles, entrained by breaking waves, burst at the sea surface. SSA composition can vary 

depending on the biological state of the ocean (Wang et al., 2015; Prather et al., 2013; Rinaldi et 

al., 2013). Previous studies have shown that SSA particles contain bacteria, cell fragments, viruses, 

enzymes, and other biomolecules that can influence the climate and relevant cloud properties 

(Patterson et al., 2016; Malfatti et al., 2019). Despite the potential for marine bioaerosols to play a 

major role in climate, very few studies have used fluorescence as a tool to identify bioaerosols 

released during nascent SSA production (Kasparian et al., 2017; Toprak and Schnaiter, 2013; Yue 

et al., 2019; Mostofa et al., 2013). This is, in part, due to the difficulty of using fluorescence to 

study SSA in the real atmosphere without a basic understanding of the fluorescence signature of 

SSA.  

Here, the fluorescence characterization for isolated, laboratory-generated SSA is reported. 

Two common fluorescence methods were used to characterize SSA: excitation−emission matrix 

spectroscopy (EEMS) and a wideband integrated bioaerosol sensor (WIBS). EEMS has been 
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widely used to characterize organic matter in a variety of aqueous environments, including 

seawater (Mostofa et al., 2013; Zhang et al., 2011; Nebbioso and Piccolo, 2013). EEMS has the 

advantage of taking direct, full-spectrum fluorescence measurements of aqueous samples and can 

be used to investigate offline, bulk aerosol chemistry. The WIBS collects online, single-particle 

fluorescence measurements at lower resolution and has been increasingly used to investigate the 

dynamics of atmospheric bioaerosols in both the laboratory and the field (Toprak and Schnaiter, 

2013; Gabey et al., 2010; Crawford et al., 2017; Savage et al., 2017; Hernandez et al., 2016). 

However, no studies have used the WIBS to directly measure isolated, nascent SSA in a laboratory 

setting. In the present study, single-particle and bulk aerosol fluorescence were used to evaluate 

realistic SSA and determine how SSA fluorescence changes under dynamic ocean biological 

conditions (e.g., during a phytoplankton bloom). Additionally, these techniques were used to 

characterize the contribution of marine bacteria to SSA fluorescence through controlled 

experiments involving isolated marine bacteria and abiotic seawater. This study provides a 

framework for using a fluorescence approach to investigate how temporal changes in biological 

species affect SSA released into the environment. 

3.3 Methods 

3.3.1 Aerosol Generation and Experiment Design  

SSA particles were generated using three different methods: a wave channel located at the 

Scripps Institution of Oceanography (Wang et al., 2015; Prather et al., 2013), a Marine Aerosol 

Reference Tank (MART) (Stokes et al., 2013; Lee et al., 2015), or a miniature Marine Aerosol 

Reference Tank (miniMART) (Stokes et al., 2016). Each of these aerosol generation methods are 

isolated systems, without the influence of non-biological fluorescent particles from terrestrial or 

anthropogenic sources. Additionally, each of these methods produces aerosol size distributions 
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and chemical compositions which mimic that of a breaking ocean wave (Stokes et al., 2016; 

Collins et al., 2014). The three experimental methods also differed in biological activity in the 

seawater: (1) seawater without a phytoplankton bloom; (2) seawater with Guillard’s nutrient 

medium added to generate a phytoplankton bloom with natural marine microbial communities 

(Guillard and Ryther, 1962); and (3) control scenarios consisting of either abiotic seawater or 

cultured marine bacterial strains in a phosphate buffered saline solution (4× PBS). Details of the 

three experiments are provided in Table 3.1 and Supporting Information. 

3.3.2 Aerosol and Seawater Sample Collection 

Aerosol samples were measured in real time with the WIBS and collected into a liquid 

solution for EEMS measurements. Prior to detection with the WIBS, aerosols were dried using 

inline silica diffusion driers to maintain a relative humidity of <20% throughout all experiments. 

As a result of drying and partial quenching of the fluorophores, it is possible that a fraction of 

fluorescent particles was below the fluorescence threshold. While channel 1 may not be affected 

due to the strong emission of tryptophan, humic-like substances (HULIS) can show decreased 

emission when in a powder state (Pöhlker et al., 2012). However, SSA particles have been shown 

to be semisolid below the efflorescence point (Lee et al., 2020), therefore, drying should not have 

a significant effect on the observed trends.  

For EEMS analysis of the bulk aerosol, collection involved a liquid spot sampler (Aerosol 

Devices Inc., 110A), which uses a water condensation growth tube to collect particles directly into 

a liquid medium with high efficiency (Eiguren Fernandez et al., 2014). Aerosols passing through 

the spot sampler were collected in ultrapure water. Although collection into ultrapure water could 

potentially change the fluorescence intensity due to bacterial lysis and subsequent solvent 

exposure, these changes would be slight, due to the lack of new tryptophan formation/breakdown. 
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Additionally, any changes would be consistent throughout the course of these experiments. SSA 

particles were collected for experiments 1 and 2 at a flow rate of 1.5 liters per minute (LPM) for 1 

h on the MART or overnight (12 h) on the wave channel. No aerosols were collected for EEMS 

analysis for experiment 3 (miniMART).  

Seawater collection for EEMS analysis was performed for each experiment. For all 

experiments, seawater samples were collected into either 15 or 50 mL sterile, polypropylene tubes. 

Seawater samples were collected during aerosol generation for experiment 2 and either prior to, or 

immediately after, aerosol generation for the other experiments. Excitation−emission matrices 

(EEMs) were generally measured within 20 min of collection. 

3.3.3 Bacterial Isolate Culture Preparation 

Three different marine-relevant bacterial isolates were chosen due to their presence in the 

coastal waters off of Scripps Pier: AltSIO, ATW7, and BBFL7 (Bidle and Azam, 2001; Pedler et 

al., 2014). All isolates were originally derived from the Pacific Ocean off the Scripps Pier in La 

Jolla, California and isolated by the Azam laboratory at the Scripps Institution of Oceanography. 

For this experiment, bacterial isolates were streaked out from a frozen glycerol stock onto ZoBell 

medium. After 24 h, colonies were picked and grown in liquid ZoBell medium at room temperature 

on a shaker (130 rpm). The next day, the cultures were harvested through 5 min of centrifugation 

at 9000g and washed with PBS to remove the supernatant (spent medium). Optical density was 

measured at 600 nm in order to have a 1:1:1 (AltSIO/ATW7/BBFL7) ratio of the three cultures in 

the inoculum with a concentration of 1 × 109 cells/mL. The final concentration of bacterial cells in 

the miniMART was ∼1.6 × 105 cells/mL, which is on the order of known bacterial concentrations 

in the ocean, especially in oligotrophic regions (Azam et al., 1983). 

3.3.4 Fluorescence Measurements 
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3.3.4.1 WIBS 

Online, single-particle fluorescence measurements were taken using a WIBS (Droplet 

Measurement Technologies, WIBS-NEO). The WIBS operation has been described previously in 

detail (Gabey et al., 2010). Briefly, the WIBS utilizes two xenon lamps with bandpass filters to 

generate two excitation wavelengths at 280 nm (Xe1) and 370 nm (Xe2). These excitation 

wavelengths are intended to target the fluorescence excitation of the amino acid tryptophan and 

the biological cofactor nicotinamide adenine dinucleotide (NADH), respectively (Kaye et al., 

2005). The WIBS collects the fluorescence emission from a particle using two photomultiplier 

tubes (PMTs) with bandpass filters from 310 to 400 nm (FL1) and from 420 to 650 nm (FL2). This 

arrangement creates three main combinations of fluorescence excitation and emission “channels,” 

with different target molecules. These channels are labeled here as channel 1 (Xe1/FL1; Ex/Em = 

280 nm/310−400 nm; targeting tryptophan), channel 2 (Xe1/FL2; 280 nm/420−650 nm; targeting 

riboflavin), and channel 3 (Xe2/FL2; 370 nm/420− 650 nm, targeting NADH). We focus primarily 

on channels 1 and 3 as these channels coincide with the EEM peaks representing the fluorescence 

from protein-like and HULIS, respectively. Additionally, we exclude channel 2 from most of our 

discussion due to the potential cross-sensitivity of this channel with the other two channels, as 

reported previously (Toprak and Schnaiter, 2013; Gabey et al., 2011). 

A forced trigger sampling period, where the sample flow is off and the xenon lamps are 

fired, was performed at the start of each day to provide a blank for the fluorescent particle 

detection. Particles are deemed fluorescent if they exceed a minimum threshold 

𝐸𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑖
= 3𝜎𝑖 + 𝐸𝑖

¯

     [3.1] 

where E̅i is the mean background fluorescence from the forced trigger data and σi is the standard 

deviation of the background for each fluorescence channel (FLi), as described in previous studies 
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(Toprak and Schnaiter, 2013). The fluorescence values for particles detected by the WIBS were 

then subtracted by the forced trigger thresholds for each individual channel. The WIBS-NEO has 

greater dynamic range compared to previous models, which prevents saturation of the detector for 

highly fluorescent particles (Forde et al., 2019). The intensity values reported are in arbitrary units; 

however, the mean SSA intensity values were converted to mass equivalents of tryptophan 

(channel 1) and quinine (channel 2 and 3) based on a similar calibration to that defined by 

Robinson et al. (2017) (Supporting Information, Figure 3.7) (Robinson et al., 2017) . 

The WIBS uses a 635 nm continuous-wave laser to detect, size, and determine the shape 

of single particles. Optical diameter measurements, from 0.5 to 50 μm, are based on detection of 

side-scattered light with the FL2 PMT. Analysis of forward-scattered light on a quadrant PMT 

determines the asymmetry factor (AF) for each particle. The AF is a measure of the shape of a 

particle, with an AF < 10−15 indicative of nearly spherical particles, an AF of 15−30 for aspherical 

particles, and an AF > 30 for rod- or fiber-shaped particles (Crawford et al., 2017; Kaye et al., 

2007). The single-particle optical diameter, measured with the WIBS, was used to calculate the 

size distribution of fluorescent particles in each channel. Polystyrene latex spheres were used to 

verify the accuracy of the WIBS optical diameter measurements. For the size distribution 

measurements, size bins were divided into 32 bins per decade of optical diameter. Particle counts 

are displayed as the number concentration of fluorescent particles per liter of air divided by the 

logarithm of the bin width (dN/dlog Dp). In addition to the forced trigger fluorescence threshold, 

a size threshold was applied to all particles measured with the WIBS. Particles with optical 

diameters less than Dp = 0.8 μm were excluded from these analyses because of previously reported 

inaccuracies in the fluorescence detector sensitivity and counting efficiency of smaller particles 

(Crawford et al., 2017; Gabey et al., 2011). For bacterial isolate size distributions, a fluorescence 
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cutoff of 2.5 standard deviations above the mean background PBS fluorescence in channel 1 was 

applied to eliminate most PBS particles. 

3.3.4.2 EEMS 

Offline, bulk fluorescence EEMs of seawater and SSA collected with the liquid spot 

sampler were measured with an Aqualog spectrophotometer (HORIBA Scientific, extended 

range). Collection periods of at least 1 h on a MART at 1.5 LPM or approximately 12 h at 1.5 

LPM on the wave channel were used to obtain an adequate fluorescence signal from the protein-

like region and often sufficient signal for the HULIS region, depending on seawater biology and 

chemistry. No processing of seawater samples was necessary to acquire fluorescence signals. 

Excitation wavelengths ranged from 230 to 500 nm, while the emission collection bands ranged 

from 250 to 800 nm, both in ∼5 nm increments. Background spectra acquired using ultrapure water 

or PBS solution were subtracted from all EEMs. EEMs were then corrected for inner filter effects 

based on the absorbance spectra measured simultaneously. Rayleigh scattering (1st and 2nd order) 

was removed from all spectra. EEMs were normalized to the area of the Raman scattering peak of 

water at 350 nm excitation to convert fluorescence intensities to Raman Units (Lawaetz and 

Stedmon, 2009; Murphy, 2011). A comparison between the EEM spectrum and the WIBS channels 

is highlighted in Figure 3.8. 

3.4 Results  

Three different experiments, with varying biological complexity and activity, were studied 

in order to compare the fluorescence measurements of EEMS and the WIBS. Experiment 1 used a 

wave channel and fresh seawater to replicate SSA production of the natural microbial community 

in coastal seawater with low phytoplankton biomass. Experiment 2 involved a MART for 

aerosolization of seawater induced with a phytoplankton bloom, typical of realistic bloom 
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conditions with high biomass. Experiment 3 was used as a control of two different scenarios 

involving a miniMART: abiotic seawater and a pure bacterial system in a salt solution. 

3.4.1 Experiment 1: Bulk Aerosol and Single-Particle Fluorescence of Nascent SSA 

EEMs for seawater showed fluorescence in regions that are commonly detected for marine 

systems (Figure 3.2a) (Mostofa et al., 2013; Coble, 1996). Specifically, three fluorescence regions 

were present, representing three different classes of organic molecules. Fluorescence in the region 

at excitation/ emission wavelengths 400−440 nm/680−690 nm is indicative of chlorophyll a 

(Mostofa et al., 2013). Fluorescence at excitation/emission wavelengths <235 nm and 275−280 

nm/330−350 nm is attributed to protein-like substances and typically indicates fluorescence from 

the amino acid tryptophan. In this study, the 275−280 nm excitation was used as an indicator for 

protein-like fluorescence because of the excitation bounds of the EEMs. Components that emit in 

this region range from bacteria cells to viruses to proteinaceous gels (Mostofa et al., 2013; 

Determann et al., 1998; Lakowicz, 2006). EEM features near 260 nm or 360 nm/450−455 nm and 

at 325 nm/410 nm are indicative of HULIS, complex mixtures of organic molecules produced 

during the breakdown of organisms and larger biomolecules (Mostofa et al., 2013; Coble, 1996; 

Hessen and Tranvik, 1998). 

EEMs for SSA collected from the wave channel showed different fluorescence signatures 

than those in seawater, indicating chemical species are selectively transferred into SSA (Figure 

3.2b). In contrast to seawater, SSA EEMs did not show chlorophyll a signatures, suggesting that 

larger phytoplankton species are not efficiently transferred. While both seawater and SSA EEMs 

showed protein-like and humic-like signatures, SSA EEMs were primarily dominated by protein-

like fluorescence with a smaller contribution from HULIS. The ratio of the protein-like peak (Ex: 

275 nm/Em: 330 nm) to the humic-like peak (Ex: 360 nm/Em: 450 nm) was evaluated for both 
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samples. The protein-to-humic intensity ratio for seawater was 12.87, whereas the ratio for SSA 

was 15.63, confirming the increased contribution of protein-like fluorescence in SSA. 

Additionally, the SSA EEMs showed a shift in the protein-like emission spectra when compared 

to the protein-like fluorescence in seawater. While seawater showed fluorescence primarily from 

tryptophan, with an emission peak close to 350 nm, SSA EEMs showed a major peak in the 

emission spectra closer to 300 nm, indicative of fluorescence from the amino acid tyrosine. 

Tyrosine fluorescence suggests the presence of marine gels or exopolymeric substances in SSA 

(Liu et al., 2017). The tyrosine peak lies outside the range of wavelengths detected by the WIBS 

(310−400 nm), thus some portion of SSA fluorescence was not captured using this analytical 

method. However, the protein peak in SSA extended to longer wavelengths, suggesting that 

tryptophan fluorescence was also present and therefore detectable with the WIBS. 

Across 7 days of sampling nascent SSA particles generated from the wave channel, the 

WIBS measured over 100,000 individual fluorescent particles each day. The fluorescent fraction 

in this low biomass scenario represented 0.87 ± 0.09% of all particles measured with optical 

diameters greater than Dp = 0.8 μm. The fluorescent fraction measured was relatively low 

compared to ambient measurements which range from 1.9% to upward of 40% but are often 

influenced by terrestrial bioaerosols (Crawford et al., 2017; Fennelly et al., 2018). In order to 

define a distinct fluorescence signature for isolated SSA, mean fluorescence intensities of the 

different fluorescence channels were calculated from all sampling days combined (Figure 3.2c). 

Additionally, the channel-specific mean AF and diameter were calculated for fluorescent SSA 

particles. Particles across all three channels had low AF (∼6), with channel 3 particles showing 

the lowest AF. These low AFs demonstrate that most of the fluorescent particles detected were 

spherical or spheroidal in shape. The mean diameter of SSA measured in channel 1 was, in general, 
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larger than those in channel 3, indicating different chemical species are transferred into different 

particle sizes. 

The mean daily size distributions of SSA particles generated by the wave channel were 

measured with the WIBS and separated based on the fluorescence channels (Figure 3.3). The size 

distributions measured with the WIBS showed a bimodal distribution for channel 1, with a peak 

optical diameter around Dp = 2.6 μm and a second mode near Dp = 1 μm. The larger-sized mode 

is suggestive of proteinaceous molecules ejected in supermicron-sized aerosols. Bacteria, which 

contain a high protein content, have been observed in coarse mode aerosols measured in nascent 

SSA and off coastal regions (Rastelli et al., 2017; Shaffer and Lighthart, 1997). Previous WIBS 

studies show that bacteria have dominant fluorescence emission in channel 1 due to the amino acid 

tryptophan (Savage et al., 2017; Hernandez et al., 2016). Additionally, a fraction of particles that 

fluoresced in channel 1 also fluoresced in channel 3 (ca. 7% of all channel 1 particles). The 

particles that fluoresced in both channels 1 and 3 showed a size distribution resembling the main 

mode for channel 1 fluorescent particles, slightly shifted to larger sizes (Figure 3.9). The size 

distribution and fluorescence signature of the particles that fluoresced in both channels 1 and 3 

suggest that these particles may be metabolically active bacteria, with enhanced NADH. 

Furthermore, bacteria bound to gels and transparent exopolymeric particles have been observed in 

this size range (Mari and Kiørboe, 1996; Aller et al., 2005). Bound bacteria are often larger and 

enzymatically active which may explain the shift to larger sizes for particles that fluoresce in both 

channels 1 and 3 (Smith, D., Simon, M., Alldredge, A., Azam, F., 1992). 

For particles fluorescing in the WIBS channel 3, a peak in the size distribution was 

observed near Dp = 1 μm with a tail extending into the larger sizes (Figure 3.3). In an ambient 

setting, fluorescence in this channel is often associated with pollen and fungal spores. However, 
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in this study of isolated, nascent SSA, fluorescence in this channel was likely indicative of HULIS, 

as shown in previous work by Savage et al. (2017) (Savage et al., 2017). Measurements on the 

molecular weight of marine-based HULIS show that it typically consists of small molecules, with 

90% of the measured HULIS mass falling below 5 kDa (Grzybowski, 1996). HULIS, by nature, is 

part of dissolved organic matter in the ocean and is therefore expected to be released across 

particles of all sizes (Benner et al., 1992). The shape of the total particle size distribution 

(combined fluorescent and non-fluorescent), measured for SSA generated by the wave channel, 

was similar to that of channel 3 (Figure 3.10). This similarity further suggests that the channel 3 

measurements by the WIBS are indicative of dissolved HULIS in SSA. 

3.4.2 Experiment 2: Changes in Fluorescence Signatures During a Phytoplankton 

Bloom 

SSA fluorescence was measured with both the WIBS and EEMS throughout an induced 

phytoplankton bloom to investigate the effect of a changing marine biological state on SSA. The 

microbial dynamics were measured throughout the course of the phytoplankton bloom (Figure 

3.11). The experiment occurred over 9 days with in vivo chlorophyll a fluorescence indicating a 

peak in phytoplankton growth on the third day, followed by senescence for the remainder of the 

experiment. Heterotrophic bacteria concentrations peaked on the fifth day and declined afterward. 

Virus concentrations tracked the heterotrophic bacteria concentrations and increased after the peak 

in the phytoplankton bloom (Figure 3.11).  

WIBS measurements of the SSA fluorescence intensity corresponded with SSA EEMs 

throughout the phytoplankton bloom (Figure 3.4). WIBS channel 1 (protein-like) showed a general 

decrease in fluorescence intensity over time. The decreasing fluorescence trend was also observed 

for the SSA EEMs upon integrating over the same wavelengths of WIBS channel 1. The trends in 
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WIBS channel 1 and EEM protein-like region revealed a disconnect between the fluorescence 

observed in SSA and the fluorescence in seawater over the course of the bloom (Figure 3.4). 

However, when the WIBS channel 3 measurements were compared to the corresponding seawater 

HULIS-region fluorescence measured with EEMS, the SSA mean fluorescence intensity generally 

agreed with that in the seawater (Figure 3.12). The difference in enrichment for HULIS and 

protein-like species into the aerosol indicates a chemical-specific transfer. More studies are 

required to determine which factors affect the selective transfer of fluorescent species from 

seawater to SSA. Nevertheless, the similarity between the WIBS and EEMS measurements of SSA 

over time reveals that single-particle fluorescence, in combination with seawater analysis, can 

provide unique insights on SSA composition throughout a wide range of ocean biological 

conditions. 

3.4.3 Experiment 3: Characterizing the Fluorescence of Abiotic Seawater and 

Bacterial Isolates  

In order to probe the contribution of marine bacteria to SSA fluorescence, the WIBS and 

EEMS were used to measure fluorescence under two controlled scenarios: (1) natural seawater vs 

filtered, autoclaved seawater (FASW) and (2) marine bacterial isolates in a salt solution. As 

mentioned previously, seawater used for the FASW experiment was taken from a separate 

phytoplankton bloom experiment and the bacterial isolate experiment was run with a PBS medium 

to minimize background fluorescence. 

To better understand the underlying fluorescence signature of SSA, changes in both 

seawater and SSA fluorescence were measured with EEMS and the WIBS before and after 

sterilization of the seawater. The FASW EEMs showed an increase in the humic-like fluorescence 

intensity compared to natural seawater EEMs, suggesting an enhanced production of HULIS 
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during the autoclaving process (Figure 3.5a) (Andersson et al., 2018). The enhanced production of 

HULIS or a potential change in the selectivity, leading to aerosol enrichment, might explain the 

increase in the WIBS channel 3 size distribution for FASW SSA (Figure 3.5b). Additionally, 

WIBS measurements on FASW SSA showed a decrease in the Dp = 2−3 μm sized mode in the 

channel 1 fluorescence size distribution compared to natural SSA (Figure 3.5d), suggesting a lack 

of large, protein-containing particulates in FASW SSA. The decrease in the WIBS channel 1 size 

distribution was not as significant as the diminishment in the EEM protein-like feature (Figure 

3.5c), likely because the fluorescent material (reduced but still detected by EEMS) was detected 

by the WIBS and contributed to the fluorescence size distribution. However, the trends of both 

instruments further suggest that marine microbes are contributing to the large size mode observed 

in the WIBS channel 1 size distribution measured for SSA. 

To further elucidate the contribution of marine bacteria to SSA fluorescence, the bulk and 

aerosol fluorescence signatures were characterized for a solution containing three marine bacterial 

isolates (AltSIO, ATW7, and BBFL7) (Figure 3.6). The bacterial EEMs showed high fluorescence 

in the protein region, with no noticeable humic-like fluorescence above the background 4× PBS 

(Figure 3.6a). This spectrum shared similar characteristics to previously measured EEMs of marine 

bacteria (Determann et al., 1998). The three individual bacteria were also analyzed separately 

using EEMS and showed similar spectra with fluorescence predominantly in the protein region 

and negligible fluorescence in the HULIS region (Figure 3.13). This result indicates that the 

fluorescence signature of the marine bacterial solution containing all three bacteria was not 

dominated by one species. The tryptophan-like fluorescence regions from marine bacterial EEMs 

were also present in seawater and SSA EEMs, suggesting that bacteria are a component in SSA 

fluorescence. 
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The WIBS fluorescence measurements of the bacteria aerosolized with a miniMART 

showed similar signatures to those detected by EEMS. The bacterial isolates showed an increased 

mean fluorescence intensity in channel 1 compared to the 4× PBS medium (Figure 3.14). These 

results were similar to previous WIBS studies, which found that terrestrial bacterial cultures 

fluoresce strongly in channel 1 (Hernandez et al., 2016). Moreover, the increase in mean 

fluorescence intensity was not seen in the other two channels measured by the WIBS. The WIBS 

fluorescence signature for aerosolized marine bacteria paralleled the EEMs of the bacteria in 

solution, further highlighting the capability of single-particle fluorescence for SSA 

characterization. 

WIBS channel 1 size distribution for the aerosolized bacterial isolates was generated in the 

same manner to those generated for the wave channel. The background-corrected, fluorescent 

particle size distribution showed that the bacterial isolates were ejected into predominantly larger 

particles with the peak of the distribution near Dp = 2.4 μm (Figure 3.6b). The mode of the size 

distribution for the bacterial isolates was resemblant of the protein-like, nascent SSA measured 

from the wave channel, indicating that the particles detected in the wave channel likely included 

bacteria (Figure 3.6b). Slight differences in the size distributions between the seawater and the 

bacterial isolates might be explained by the proteinaceous constituents in chemically complex 

seawater compared to the 4× PBS and the formation of proteinaceous aggregates in natural SSA 

(Aller et al., 2005). While further work is necessary to fully elucidate the contribution of marine 

bacteria in SSA and their transport pathways, it is clear that marine bacteria can be ejected into the 

atmosphere via SSA particles and detected using fluorescence techniques. 

3.4.4 Implications 
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When evaluating which fluorescence technique is appropriate for a specific measurement, 

multiple factors should be considered. Due to the additional steps necessary in measuring SSA 

using EEMS, such as impinging the aerosols into a bulk medium, this instrument is better suited 

for measurements of bulk seawater. However, the WIBS is a useful instrument for characterizing 

real-time changes in single-particle SSA and shows comparable trends to fluorescence measured 

with EEMS. Therefore, WIBS aerosol measurements, in tandem with EEMS analysis of bulk 

solutions, can provide a thorough investigation of fluorescent particle production. Possible 

modifications to the optics of the WIBS for improved characterization of SSA may involve 

extending the fluorescence emission collection of channel 1 to include the major peak of tyrosine 

fluorescence, shown to be significant in the SSA EEMs.  

SSA particles represent one of the most abundant natural aerosols in the atmosphere (Gantt 

and Meskhidze, 2013), but only during the past decade have their role as primary biological 

aerosols been a major focus of investigation. The unique ability of bioaerosols to affect clouds and 

climate becomes especially important in remote marine locations where SSA particles can 

dominate as cloud condensation nuclei or ice nuclei (Fröhlich-Nowoisky et al., 2016; Burrows et 

al., 2013; Vergara-Temprado et al., 2017; Andreae and Rosenfeld, 2008). With growing interest 

in the atmospheric dynamics of bioaerosols, uncovering the role of SSA has become increasingly 

critical to our understanding of how bioaerosols influence climate. Our investigations on isolated 

systems provide a basis for the fluorescence signature of SSA to help unravel the complex trends 

observed in the atmosphere and move toward identification of marine bioaerosols in the natural 

environment. 
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3.6 Figures 

 

Figure 3.1. Graphical abstract. 

 

 

 

Figure 3.2. Selected EEMs for a) seawater and b) nascent SSA collected from the wave channel. 

c) WIBS measurements of the mean fluorescence intensity, optical diameter, and asymmetry factor 

(AF) for each fluorescence channel (excitation/emission) for the SSA generated by the wave 

channel. 
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Figure 3.3. SSA size distributions separated by fluorescence channels measured with the WIBS. 

Channel 1 (protein-like) is in blue with channel 3 (humic-like) overlaid in green. Both size 

distributions shown are the daily mean particle counts (#/L) normalized to the bin widths and the 

error bars represent one standard deviation from the mean. 

 

 

Figure 3.4. WIBS fluorescence channel 1 (protein-like) graphed over time during a phytoplankton 

bloom. EEM emission integrated over the same wavelengths measured by the WIBS shown over 

time for both bulk seawater (Bulk SW) and SSA over the course of a phytoplankton bloom. All 

values are normalized to the sum of intensities for each measurement across all the days of the 

experiment. 
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Figure 3.5. Emission spectra from the EEMs of the natural seawater and FASW corresponding to 

the excitation wavelengths for (a) WIBS channel 3 and (c) WIBS channel 1. Fluorescence size 

distributions of SSA before and after filtering and autoclaving for (b) WIBS channel 3 (d) WIBS 

channel 1.  
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Figure 3.6. Fluorescence of the bacterial isolate mixture measured by a) EEMS (adjusted to the 

blank EEM of the 4xPBS solution). b) WIBS channel 1 fluorescence size distribution of the 

bacterial isolates that fluoresced above the PBS background (purple), overlaid on the mean channel 

1 size distribution of the wave channel SSA (blue). 
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3.7 Tables  

Table 3.1. Layout of the three experimental setups used in this study.  

Experiment 

Number 

Bulk Solution Additions Aerosol Generation  Fluorescence 

Measurements 

Experiment 1 Seawater None Wave channel EEMS bulk solution, 

EEMS & WIBS aerosol  

Experiment 2 Seawater F/100 nutrients, 

sodium silicate 

MART EEMS bulk solution, 

EEMS & WIBS aerosol 

Experiment 3a Seawater & filtered, 

autoclaved seawater 

F/2 nutrients miniMART EEMS bulk solution & 

WIBS aerosol 

Experiment 3b 4xPBS with bacterial 

isolates 

None miniMART EEMS bulk solution & 

WIBS aerosol 
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3.8 Supporting Information  

3.8.1 Experimental Designs  

Experiment 1. A wave channel was used to produce SSA from natural seawater (Wang et 

al., 2015; Prather et al., 2013). The wave channel contained 13,000 L of natural seawater taken 

from Ellen Browning Scripps Memorial Pier (Scripps Pier; 32-52'00'' N, 117-15’21'' W). During 

this experiment, a phytoplankton bloom was not induced, therefore the seawater contained the 

natural microbial community in different growth stages and in a state of low biomass. SSA were 

produced by paddle-generated waves breaking on an artificial beach, and were measured 

continuously using the WIBS. SSA were collected for EEMS analysis for one 12-hour time period 

using an aerosol-to-liquid collection method.  

Experiment 2. A Marine Aerosol Reference Tank (MART) was used to generate SSA over 

the course of a phytoplankton bloom (Stokes et al., 2013; Lee et al., 2015). A large outdoor tank 

(2200L) was filled with seawater from Scripps Pier and used to supply seawater to the MART. A 

phytoplankton bloom was induced in order to investigate the role of ocean microbiology on SSA 

composition and represent a system with high biomass. To initiate the phytoplankton bloom, 

Guillard’s F/2 medium, diluted to F/100, and sodium silicate were added to the outdoor tank of 

seawater (Guillard and Ryther, 1962). Phytoplankton biomass, indicated by in vivo chlorophyll a 

fluorescence, was measured using a handheld fluorometer (Turner Designs, Aquafluor) and 

converted to chlorophyll a concentration. Each day, 120 L of tank water was transferred to the 

MART, where aerosol generation occurred via a periodic plunging waterfall. After sample 

collection, the seawater was cycled back into the outdoor tank to allow the phytoplankton to 

continue growing. The SSA generated by the MART were measured by the WIBS in one- to two-

hour intervals each day. Simultaneously, SSA were collected for approximately 1 hour each day 
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for EEMs analysis. Seawater was also collected daily for EEMs analysis prior to SSA collection. 

The EEMS intensities for Experiment 2 were compared to the WIBS intensities by normalizing to 

the sum of intensities for each method across all the sampled days of the phytoplankton bloom. 

This normalization allowed for a comparison between the relative trends in intensity measured 

using both instruments. 

Experiment 3. To elucidate the role of microbes on SSA fluorescence, two control 

scenarios were investigated using a miniMART, which uses a water-wheel (mill) to produce a 

periodic plunging waterfall and generate aerosols (Stokes et al., 2016). In the first scenario, 

seawater fluorescence was compared before and after filtration and autoclaving. Seawater 

collected off Scripps Pier was spiked with Guillard’s F/2 medium, to induce a mesocosm 

phytoplankton bloom in a 19 L carboy. During the senescence phase of the bloom, 12 days after 

spiking the seawater with nutrients, 7 L of water was added to the miniMART for aerosolization 

and sampling. The remaining seawater from the carboy was filtered using a 0.2 µm filter and then 

autoclaved for sterilization. After sampling the fresh seawater, the miniMART was drained, 

cleaned with 70% ethanol, rinsed with milliQ water, and filled with the filtered, autoclaved 

seawater for SSA generation.  

The second scenario involved the aerosolization of bacterial isolates added to a 4x 

phosphate-buffered saline solution. Three marine bacterial isolates were used to investigate the 

fluorescence signature of aerosolized bacteria without the influence of background seawater 

fluorescence. The bacterial strains were in the same physiological state of exponential growth upon 

addition to the miniMART.  

3.8.2 Enumeration of Heterotrophic Bacteria and Viruses 



 
 

86 

The seawater samples were fixed with a solution of glutaraldehyde at 0.05% final 

concentration and stored at -80°C after flash freezing (Noble and Fuhrman, 1998). Heterotrophic 

bacteria and virus counts were obtained using flow-cytometry at The Scripps Research Institute 

(TSRI) Flow Core Facility with a BIO-RAD, ZE5 Cell Analyzer. Samples for heterotrophic 

bacteria were diluted (1:10) in 1xTE buffer (pH 8) and stained with SYBR Green I (1:100 dilution 

of the commercial stock) at room temperature for 10 minutes in the dark. Viruses were diluted 

(1:50) in 1xTE buffer and stained (at a 1:50 dilution of the commercial SYBR Green I stock) in 

the dark for 10 minutes at 80°C (Gasol and Del Giorgio, 2000). Heterotrophic bacteria and virus 

populations were discriminated based on their signature in the fluorescence (488 nm laser, green 

fluorescence) versus side-scatter specific cytograms. Signals in the blank samples were subtracted 

from the sample signals. 

3.8.3 Calibration of WIBS Intensities 

To compare the SSA mean intensities detected by the WIBS to other WIBS instruments, 

we applied a calibration similar to that described by Robinson et al. (2017) (Robinson et al., 2017). 

This method compares WIBS fluorescence intensity to the equivalent mass of fluorophore 

atomized from a standard solution. Tryptophan was used as the fluorophore for channel 1 with 

ammonium sulfate as a non-fluorescent filler for particle generation. Quinine was used to calibrate 

channels 2 and 3. For the first standard solution, 0.0212 g of tryptophan and 0.9157 g of ammonium 

sulfate were added to 150 mL of milliQ water (tryptophan mass percent = 2.26%). For the quinine 

solution, 0.865 g of quinine were added to 150 mL of milliQ water (quinine mass percent = 100%). 

Particles were generated with a custom atomizer using particle-free air produced from a zero air 

generator (Sabio, Model 1001). The particles were dried using silica diffusion driers to an RH 

<21% before entering the WIBS. Dried particles were assumed to have the same fluorophore mass 
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percent to that in the bulk standard solution. The particle population was a polydisperse 

distribution, sized using the WIBS. Particles were divided into 5 nm size bins from 0.8 μm to 3 

μm and the average particle optical diameter for each size bin was calculated. Assuming the 

particles were spheres, the particle volume was calculated for each size bin and converted to mass 

using the particle density: 1.77 g/cm3 for tryptophan particles (assuming ammonium sulfate 

density) and 1.36 g/cm3 for quinine particles (value provided by supplier).  

A log-log linear relationship was observed between the calculated fluorophore mass and 

the measured WIBS intensity. Regressions were calculated for the first 150 size bins due to higher 

particle counts in this range. The R2 values for the regressions of the three channels were: 0.928, 

0.84, and 0.831 for channels 1-3, respectively. Both quinine calibrations showed a deviation from 

the fitted line at the higher mass values (Figure 3.7b, c), which was also observed in the calibration 

by Robinson et al. (2017) and previously accounted for by assuming an excitation penetration 

depth of 90 nm (Robinson et al., 2017). However, in this study, when a shell penetration depth was 

assumed, only a slight increase in the R2 value was observed for both quinine regressions. 

Therefore, the deviation in the fit at higher quinine concentrations was ascribed to the lower 

particle counts in these size bins. Using the calculated regression fits, the mean values from the 

SSA generated by the wave channel were converted to the equivalent fluorophore mass (Figure 

3.7a-c). The mean intensity ± the standard deviation for nascent SSA in channel 1 was equivalent 

to 2.331 ± 34.596 fg of tryptophan and for channels 2 and 3 were equivalent to 0.0537 ± 0.400 and 

0.116 ± 1.050 fg of quinine, respectively (Figure 3.7d). As a note, the measured intensities for the 

SSA samples are blank-subtracted. In order to determine the measured limits of detection (LOD), 

the calibration curves were generated without subtracting out the blank from the fluorescence 

values. Based on the forced trigger thresholds for this experiment and the calibration curves 
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without the blank subtracted, the LOD for WIBS channel 1 was equivalent to 1.88 fg of tryptophan 

and the LOD for channels 2 & 3 were equivalent to 0.0216 fg of quinine and 0.103 fg of quinine, 

respectively. 
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3.9 Supplemental Figures  

 

 

Figure 3.7. WIBS calibration regressions comparing fluorophore mass to the WIBS fluorescence 

intensity for a) channel 1, b) channel 3, c) channel 2. d) Conversion of the WIBS mean fluorescence 

intensities to the fluorophore equivalent masses for SSA generated by the wave channel.  
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Figure 3.8. Overlay of the WIBS channels compared to an excitation emission matrix. Also 

labeled are the different fluorescence regions associated with seawater and sea spray aerosols. 
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Figure 3.9. SSA size distributions separated by fluorescence channels measured with the WIBS. 

Channel 1 (protein-like) is in blue, channel 3 (humic-like) overlaid in green, and particles which 

fluoresced in both channels 1&3 are overlaid in purple. The size distributions shown are the daily 

mean particle counts (#/L) normalized to the bin widths and the error bars represent one standard 

deviation from the mean. 
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Figure 3.10. Particle size distribution of the SSA generated by the wave channel. Shown are the 

mean daily size distributions for total particles (fluorescent and non-fluorescent) (blue) as well as 

humic-like particles (pink). Averages along with standard deviations are derived from the seven 

days of sampling SSA from the wave channel. 

 

 

 

 

Figure 3.11. Microbial changes in the mesocosm phytoplankton bloom experiment. Chlorophyll 

a (green area), heterotrophic bacteria (red squares), and viruses (blue circles) concentrations are 

measured over time.  
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Figure 3.12. WIBS SSA mean intensity values for channel 3 (orange squares) compared to the 

EEMs mean intensity for the bulk seawater corresponding to the excitation and emission 

wavelengths of the WIBS channel 3 (blue circles). Experiment days refer to the day of the 

phytoplankton bloom experiment.  

 

 

 
 

Figure 3.13. Selected EEMs for three different bacterial isolates: AltSIO, ATW7, and BBFL7. 
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Figure 3.14. WIBS mean fluorescence intensity across each channel for the marine bacterial 

isolates compared to the 4xPBS solution (background). Error bars shown represent the standard 

error for each measurement.  
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Chapter 4. Single-Particle Fluorescence Properties of Oxidized Sea Spray Aerosol  

4.1 Abstract 

Biological aerosols (bioaerosols), typically detected in real time using fluorescence 

techniques, impact clouds and climate. Sea spray aerosol (SSA) particles act as a major source of 

bioaerosols, especially over remote marine and coastal regions. Accurate identification of marine 

bioaerosols is critical for proper representation in climate models; however, atmospheric aging, 

including oxidation, heterogeneous reactions, and the influence of secondary organic aerosols, can 

affect the fluorescence properties of nascent bioaerosols. Here, we simulated the equivalent of 3 – 

16 days of atmospheric aging on SSA generated from a wave channel during two induced 

phytoplankton mesocosm blooms to identify the effects of oxidation on the fluorescence signature 

of naturally produced SSA. Aged particle populations showed a significant increase in the fraction 

of particles with humic-like fluorescence (excitation/emission: 280 nm/ 420 – 600 nm and 370 nm/ 

420 – 600 nm), 1.2 – 7.5 times that of nascent SSA after 3 days of equivalent aging. Additionally, 

oxidation decreased single-particle protein-like fluorescence intensity (ex/em: 280 nm/ 310 – 400 

nm) and increased humic-like fluorescence intensity, indicative of protein degradation and humic-

like substance production in aged SSA. These controlled experiments on the oxidation of SSA 

highlight the impact of atmospheric aging on marine bioaerosol discrimination and the resulting 

chemical transformations that may affect the ability of SSA to seed clouds.  

4.2  Introduction  

Biological aerosols (bioaerosols, e.g., bacteria, viruses, pollen, fungi, and their fragments) 

affect clouds and climate directly by scattering and absorbing radiation, and indirectly by 

influencing cloud formation and cloud radiative properties (Fröhlich-Nowoisky et al., 2016). With 

oceans covering over two-thirds of the Earth, sea spray aerosol (SSA) particles comprise an 
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important source of bioaerosols in both remote marine and coastal regions (Després et al., 2012). 

Marine bioaerosols can have global implications; recent estimates report marine emission 

comprise ~30-70% of all airborne eukaryotes and prokaryotes (Mayol et al., 2017). It is therefore 

important to accurately detect and identify bioaerosols in the ambient marine environment to better 

understand their effect on local and global scales.  

Real-time detection of bioaerosols is commonly performed using fluorescence-based 

techniques which detect intrinsically fluorescent biological molecules in these aerosols. 

Intrinsically fluorescent molecules include the aromatic amino acids tryptophan, tyrosine, and 

phenylalanine, as well as biological cofactors such as nicotinamide-adenine dinucleotide 

(phosphate) (NADH, NADPH) and riboflavin (Pöhlker et al., 2012). Recent studies have observed 

changes in bioaerosol fluorescence upon exposure to several factors including ozone, relative 

humidity (RH), solar simulated light, and interactions with secondary organic aerosol (SOA) 

formed from volatile organic compounds (VOCs) (Santarpia et al., 2012; Ratnesar-Shumate et al., 

2015; Kinahan et al., 2019; Pan et al., 2014; Zhang et al., 2021). These studies report a reduction 

in protein-like fluorescence and an increase in Vis-excited visible fluorescence attributed to the 

oxidation of tryptophan and formation of N-formyl kynurenine and kynurenine under conditions 

of high RH and ozone (Ignatenko et al., 1982; Ignatenko, 1988). Because of the influence of these 

environmental factors on aerosol fluorescence, further research is required to better understand the 

effect of atmospheric aging on bioaerosol measurement and detection (Estillore et al., 2016; 

Santarpia, 2016; Huffman et al., 2020; Pan et al., 2021). 

Few studies have measured the effect of atmospheric oxidants on primary SSA (Trueblood 

et al., 2020), and despite recent studies on the fluorescence signature of isolated, nascent SSA (Lee 

et al., 2015; Santander et al., 2021), no studies have observed the influence of oxidants on the 
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fluorescence properties of SSA. These experiments are necessary to relate laboratory data with 

field studies in ambient marine environments which use fluorescence-based techniques to identify 

bioaerosols released in SSA (Kasparian et al., 2017; Morrison et al., 2020; Kawana et al., 2021; 

Moallemi et al., 2021). To better characterize biological SSA in the ambient environment and 

therefore inform both instrument development and parameterizations of marine bioaerosols in 

climate models, an improved understanding of the influence of oxidants on SSA is required.  

Here, we help bridge the gap between laboratory-based studies on the fluorescence of 

nascent SSA and field studies in marine environments by measuring the changes to fluorescent 

SSA after oxidation in a controlled system. In this study, an ocean-atmosphere wave channel was 

used to generate SSA from natural seawater and fluorescent SSA particles were detected with a 

wideband integrated bioaerosol sensor (WIBS). The WIBS was used to characterize and monitor 

the fluorescence of SSA generated throughout the course of two phytoplankton mesocosm blooms. 

Nascent SSA and marine VOCs were passed through an oxidative flow reactor (OFR), which 

simulates atmospheric oxidation at various days of equivalent aging (Kang et al., 2007), to produce 

aged SSA. Both nascent and aged SSA were then measured with the WIBS at different stages of 

the bloom. The fluorescence properties of aged SSA were monitored throughout changing 

seawater biological conditions. This study demonstrates the effect of atmospheric aging on the 

fluorescence properties of SSA over the course of a phytoplankton bloom.  

4.3 Methods 

4.3.1 Phytoplankton Mesocosm Blooms and Aerosol Generation 

Two phytoplankton blooms were induced in an ocean-atmosphere wave channel during the 

summer of 2019 as part of the Sea Spray Chemistry and Particle Evolution (SeaSCAPE) campaign. 

Full details on the experimental conditions of the SeaSCAPE campaign can be found in Sauer et 
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al. (2022) (Sauer et al., 2022). Briefly, a 11,800 L wave channel was filled with filtered seawater 

(50 µm Nitex mesh) collected from the Pacific Ocean and used to generate an accurate distribution 

of natural SSA (Stokes et al., 2013; Lee et al., 2015). During SeaSCAPE, a total of three 

phytoplankton blooms were induced, however, WIBS measurements were only collected during 

the last two blooms, which we will refer to herein as experiment 1 and experiment 2. In experiment 

1, from July 12th-July 19th, 2019, seawater was spiked with f/20 nutrient mixture and sodium 

metasilicate to induce a phytoplankton bloom (Guillard and Ryther, 1962). The seawater in this 

experiment was doubly filtered, resulting in a system dominated by smaller cells such as marine 

bacteria. Experiment 2, from July 24th-August 13th, 2019, was inoculated with a final concentration 

of f/2 nutrients and sodium metasilicate (Guillard and Ryther, 1962). Due to low initial 

phytoplankton growth, a 1,135 L infusion of inoculated seawater grown with natural sunlight was 

added to the tank on August 1st, 2019, to increase the overall bioactivity. Here, we focus primarily 

on experiment 2 which captured all phases of a phytoplankton bloom progression.  

4.3.2 Wideband Integrated Bioaerosol Sensor (WIBS) 

The single-particle fluorescence spectrometer used in this study was a wideband integrated 

bioaerosol sensor (WIBS-NEO, Droplet Measurement Techniques). The operation of the WIBS 

instruments have been described in detail in other publications (Gabey et al., 2010), and details on 

this model have been described previously (Forde et al., 2019; Santander et al., 2021). Briefly, the 

WIBS uses a 635 nm continuous-wave laser to measure the shape of fluorescent and non-

fluorescent particles in the form of an asymmetry factor (AF) ranging from 1 – 100 for spheres to 

rods, respectively, and determine the optical diameter of each particle ranging from 0.5 to 50 µm, 

based on calibrations with polystyrene latex spheres. Two consecutive xenon lamps are used as 

excitation sources at 280 nm (Xe1) and 370 nm (Xe2). Fluorescence emission is collected using 
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two photomultiplier tubes with optical filters that transmit light from 310 – 400 nm (FL1) and 420 

– 650 nm (FL2). The combination of these excitation sources and emission detection bands leads 

to three distinct fluorescence channels (channel 1: Xe1/FL1, channel 2: Xe1/FL2, channel 3: 

Xe2/FL2). We follow a common method of particle classification described in Perring et al. (2015) 

where particles are divided into seven different classes based on their fluorescence in any 

combination of the three channels (Perring et al., 2015). Following this method, the 3 fluorescence 

channels are defined as type A (channel 1), type B (channel 2), and type C (channel 3) along with 

the logical combinations (AB, AC, BC, ABC). Here, when particles are defined according to their 

channels (i.e., channels 1-3) they are inclusive of all fluorescent particles in that channel regardless 

of any overlap between the three channels. However, when defined by the different classes 

following Perring et al. (2015), particles with fluorescence in one of the primary classes (A, B, C) 

are defined as fluorescing in one channel exclusively. Figure 4.6 provides further details regarding 

the different classification schemes.  

To determine the background fluorescence for the WIBS, a forced trigger is performed 

where the xenon lamps fire into an empty optical chamber. Individual particles are considered 

fluorescent if their fluorescence intensity is greater than three standard deviations above the mean 

forced trigger intensity for a specific channel (Toprak and Schnaiter, 2013). During this study, the 

forced trigger was performed before sampling each day and on an eight-hour schedule throughout 

the sampling period. The background signal was derived from the average forced trigger value for 

each sample. The forced trigger threshold for each channel was subtracted from the reported 

fluorescence intensities, therefore, each intensity is the fluorescence above the threshold. In 

addition to the fluorescence intensity threshold, the data were selected for particles with optical 
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diameters greater than 0.8 µm to account for possible counting inaccuracies at the lower end of the 

WIBS size range (Gabey et al., 2011; Crawford et al., 2017; Lieberherr et al., 2021).  

4.3.3 Potential Aerosol Mass Oxidative Flow Reactor Operation 

A potential aerosol mass oxidative flow reactor (OFR, Aerodyne Inc) was used to simulate 

atmospheric aging through oxidation and heterogeneous reactions of the gases and aerosols 

coming out of the wave channel. The operation and design of the OFR has been described in detail 

in other publications (Kang et al., 2007; Lambe et al., 2011), and the OFR used in this study has 

previously been described (Sauer et al., 2022). Here, the OFR was operated in 185 nm mode, which 

illuminates 185 nm and 254 nm UV lamps to generate both ozone (O3) and the hydroxy radical 

(OH). Although the UV lamps have the potential to affect SSA fluorescence via photo-oxidation, 

supplemental experiments (Supplemental Information, Figure 4.7) demonstrated that the influence 

of radiation was minimized compared to the effect of the oxidants under normal operations. The 

OH exposure in the OFR at specific lamp voltages was calculated from the oxidation and loss of 

carbon monoxide (CO analyzer: APMA-370, Horiba Ltd.), which has a known reaction rate with 

OH (Chen and Marcus, 2006). A calibration curve was generated to describe the OH exposure and 

calculate the days of equivalent aging based on typical ambient OH concentrations (1.0 × 106 

molec·cm-3) (Figure 4.8) (Wolfe et al., 2019). Throughout these experiments, lamp voltages were 

set to represent ~3.2, 9.9 and 16.6 days of equivalent aging. OFR lamp voltages were cycled to 

allow measurements of nascent, 3.2, 9.9, and 16.6 days of equivalent aging for ~72 min each before 

the subsequent cycle. To account for this, WIBS data points with the shortest separation of time 

were selected to compare the effects of aging. 

The total flow rate through the OFR in these experiments was set to 6 liters per minute (LPM). 

At this flow rate, with an internal volume of the OFR equal to 13.3 liters and assuming a plug flow, 
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the total residence time within the OFR was equal to about 133 seconds. Throughout the 

experiment, the relative humidity (RH) inside the OFR was maintained at 50-70% which is 

required for proper ozone and OH formation. Aerosols exiting the OFR were passed through a 

denuder to remove excess ozone (Carulite-200, Ozone Solutions) and subsequently dried through 

a silica diffusion drier to maintain an RH <20% prior to aerosol measurements.  

4.3.4 Measurements of Biological Activity  

In situ chlorophyll-a concentrations were measured with a homemade continuous flow 

sampling system which utilized a fluorescence sensor (ECO-Triplet-BBFL2, Sea Bird Scientific) 

with an excitation/emission of 470/695 nm to measure chlorophyll-a fluorescence. Measurements 

were made on a 1-minute time interval and reported concentrations represent 10-minute averages 

± one standard deviation. This system was calibrated using extracted chlorophyll-a fluorescence 

measurements from bulk seawater following conventional protocols (Holm-Hansen et al., 1965).  

Heterotrophic bacteria concentrations were measured in bulk seawater. Samples were fixed 

using 5% glutaraldehyde, flash-frozen in liquid nitrogen, and stored in a −80°C freezer to be 

preserved prior to analysis (Gasol and Del Giorgio, 2000). Samples were then thawed, diluted 10-

fold using 1x TE buffer (pH 8) and stained using SYBR Green I for 10 minutes in the dark prior 

to enumeration using a flow cytometer (FACSCanto II, BD) (Noble and Fuhrman, 1998). Daily 

measurements of the bacterial concentration were made in triplicate for experiment 2 and the 

average ± one standard deviation is reported. Samples from experiment 1 represent a single daily 

measurement.  

4.4 Results & Discussion  

4.4.1 Mesocosm Phytoplankton Blooms Overview 
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In experiment 1, low chlorophyll-a concentrations were observed throughout the course of 

the experiment. Despite low phytoplankton growth, heterotrophic bacteria concentrations 

representative of a natural system were observed with the highest concentrations at the start of the 

experiment (Figure 4.9) (Azam and Malfatti, 2007). The nascent fluorescent particle fraction 

during this experiment varied from approximately 2% to 3.5% (Figure 4.9).  

Experiment 2 began with relatively low concentrations of chlorophyll-a until the mesocosm 

was spiked on August 1, 2019, with a tank of inoculated seawater grown in natural sunlight (Figure 

4.2). Following the addition of the outdoor tank, chlorophyll-a concentration quickly rose and 

reached a peak on August 3, 2019, ensued by a rapid decline. Experiment 2 adhered to previously 

observed patterns of a phytoplankton bloom with chlorophyll-a growth and senescence followed 

by bacterial growth, which reached a maximum on August 7, 2019 (Buchan et al., 2014; Azam et 

al., 1983).  

To better define the different biological stages of this phytoplankton bloom, we separated 

it into three distinct time periods: pre-bloom which occurs from the initial inoculation of the bloom 

on July 24th, 2019, until the addition of the outdoor tank on August 1st; peak-bloom following the 

addition of the tank until the decline in the chlorophyll-a concentrations on August 5th; and post-

bloom from August 5th until August 14th during phytoplankton senescence and bacterial growth.  

Throughout this phytoplankton bloom, the nascent fluorescent particle fraction varied from 

1.3% to 2.5% with the highest fluorescent fractions occurring in the pre-bloom and post-bloom 

phases, during periods of heterotrophic bacteria growth (Figure 4.2). The daily fluorescent 

fractions observed in this study were comparable to the fraction of fluorescent particles measured 

over the ocean (1.3% - 1.6% for particles > 1 µm) (Moallemi et al., 2021; Kawana et al., 2021). 

The fluorescent particle fractions measured in experiments 1 and 2 were higher than those 
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previously reported for nascent SSA generated in a laboratory setting under low biomass 

conditions (Santander et al., 2021). These differences suggest that increased biomass in the bulk 

seawater (i.e., phytoplankton cells and bacteria) may result in higher fluorescent particle fractions 

in SSA, due to the transfer of more fluorescent biological material in the aerosol phase.  

4.4.2 Impact of Increased Aging on Particle Fluorescence Intensity   

Aging influenced the fluorescence intensities in channels 1 – 3 for all fluorescent particles 

in experiment 2 (Figure 4.3). In channel 1, the number of particles with fluorescence intensities 

between 103 and 106 arbitrary units (A.U.) decreased after aging in the OFR. The greatest change 

in the fraction of particles fluorescent in channel 1 occurred at 3.2 days of equivalent aging (the 

lowest aging condition). Subsequent aging to 9.9 equivalent days resulted in a further decline in 

the number of particles with fluorescence in channel 1, especially for particles with fluorescence 

between 104 and 105 A.U. Between 9.9 and 16.6 days of equivalent aging, there was little change 

in the number of particles with fluorescence in channel 1, suggesting the greatest effect of aging 

on fluorescence in channel 1 occurred in the initial aging period.  These changes were also reflected 

in the daily mean fluorescence intensity for channel 1 (Figure 4.10). Throughout the course of the 

phytoplankton bloom, a general decrease in the mean intensity was observed for the aged particle 

populations, with the most notable shift observed for the lowest aging conditions (3.2 equivalent 

days). 

The decrease in particles with high fluorescence intensity within this channel is likely 

attributed to the oxidation of tryptophan within SSA. The fluorescence intensity of tryptophan, the 

main fluorescent component within channel 1, has been shown to decrease when oxidized by ozone 

under high RH (50% & 80%) (Pan et al., 2014). Additionally, tryptophan is known to degrade 

following reactions with OH (Maskos et al., 1992; Berlett and Stadtman, 1997). The OFR, which 
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produces ozone and OH, was maintained at an RH between 50-70% throughout these experiments, 

thus providing the proper conditions for tryptophan oxidation and degradation. Control 

experiments with aerosolized tryptophan and ammonium sulfate particles showed a substantial 

decrease in the number of particles with fluorescence in channel 1 after aging (Figure 4.11). The 

decrease in fluorescent fraction for tryptophan particles was much greater than the decrease 

observed for aged SSA. Unlike tryptophan in SSA, which can be embedded within proteins, 

exopolymeric substances, and microbes, the tryptophan in the control experiment was likely more 

exposed to oxidants leading to increased degradation. 

Fluorescent particles in channel 2 and channel 3 showed similar trends following aging in 

the OFR. For both channels, an increase in the fraction of particles with high fluorescence intensity 

was observed following aging. Moreover, after 3.2 days of equivalent aging, the mode of particles 

with fluorescence in channels 2 shifted to a higher fluorescence intensity than nascent SSA. With 

increased exposure to oxidants, the fraction of particles fluorescent in channel 2 continued to shift 

to higher fluorescent values. This was reflected in the mean fluorescence intensity measurements 

which showed a more pronounced increase in fluorescence intensity for channel 2 following aging 

compared to channel 3 (Figure 4.10). The increase in fluorescence intensity within these channels 

is consistent with the oxidation of tryptophan and resulting production of N-formylkynurenine 

(NFK) and kynurenine (KY) (Ignatenko et al., 1982; Fukunaga et al., 1982). NFK and KY have 

absorbance peaks around 320 nm and 360 nm, respectively, which extend to 280 nm, and emission 

maxima of 430 nm and 480 nm, respectively, therefore aligning with the fluorescence detection of 

WIBS channels 2 and 3 (Ignatenko et al., 1982; Fukunaga et al., 1982). The formation of these 

fluorophores in oxidized SSA was supported by the control experiment with tryptophan and 
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ammonium sulfate particles (described above), where an increase in the number of particles with 

fluorescence in channels 2 and 3 was observed at the lowest aging scheme (Figure 4.11).   

The fluorescence emission from NFK and KY has been reported in multiple studies 

involving ozonolysis of cells and peptides containing tryptophan (Kinahan et al., 2019; Pan et al., 

2014). Both UV-excited, visible-wavelength fluorescence intensity (like WIBS channel 2) and vis-

excited, visible-wavelength fluorescence (like WIBS channel 3) have been previously reported and 

associated with a degradation of tryptophan signal intensity (Kinahan et al., 2019; Pan et al., 2014). 

In general, reactivity of gas-phase oxidants increases with higher RH (Shiraiwa et al., 2011), and 

the conversion of tryptophan to NFK and KY has been shown to increase with increasing RH and 

exposure to ozone (Pan et al., 2014). As previously stated, the OFR conditions here allowed for 

sufficient hydrolysis and oxidation of tryptophan into NFK and KY. Thus, the decrease in channel 

1 fluorescence and simultaneous increase in channels 2 and 3 observed in SSA were likely due to 

the reaction of tryptophan with oxidants in the OFR to form NFK, KY, and further reacted products 

such as hydroxykynurenine (Pan et al., 2014; Berlett and Stadtman, 1997).  

4.4.3 Changes in Fluorescent Particle Morphology After Aging 

In addition to the impact on fluorescence intensity, we investigated changes in the 

fluorescent particle size distribution between nascent SSA and aged SSA. Nascent SSA showed 

similar size distributions between the three different fluorescence channels (Figure 4.4). These size 

distributions generally showed a peak around 0.9-1 µm with a tail tapering off at larger diameters 

and reflect the distribution measured for all particles (Figure 4.12). The distributions measured 

here differ from previous measurements from a wave channel, which show a particle mode around 

2-3 µm indicative of marine bacteria (Santander et al., 2021). The lack of this mode is likely due 

to particle losses from the OFR and the sampling lines, both of which impact particles with larger 
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diameters/mass compared to smaller particles. However, the mode seen in this study is consistent 

with the mode around 1 µm that was observed in Santander et al. (2021) (Santander et al., 2021). 

Aging in the OFR altered the size distributions for the different fluorescent channels. 

Specifically, aging caused a decrease in the size distribution for channel 1 across most of the size 

range. Comparing the different aging conditions, the channel 1 size distribution remained 

relatively consistent with further aging. For both channels 2 and 3, aging resulted in an increase in 

the size distributions. Channel 2 saw a larger increase in the size distribution than channel 3 with 

an increase of ~20-40 particles/L compared to ~10 particles/L, respectively. Whereas channel 3 

did not show any major changes in the distribution after the initial period of aging, channel 2 

showed an increase in the size distribution for 9.9 days of equivalent aging followed by a decrease 

at 16.6 days of equivalent aging. The decrease in channel 1 and increase in channels 2 and 3 size 

distributions supports the hypothesis that molecules fluorescing in channel 1 underwent reactions 

in the OFR to form molecules fluorescent in channels 2 and 3. Additionally, the changes in the 

size distributions suggest that these reactions occurred consistently across fluorescent particles of 

all sizes.  

The mean asymmetry factor (AF) for the fluorescent, nascent SSA was 5.89 ± 2.86 

indicative of spherical particles (Toprak and Schnaiter, 2013). These AF values agree with 

previous measurements of nascent SSA generated in a laboratory setting which showed AF values 

of ~6 (Santander et al., 2021). Additionally, these values align with measurements of SSA over 

the remote marine ocean which showed modal AF values of 5 – 6 for SSA particles less than 5 µm 

in optical diameter (Moallemi et al., 2021). In this study, most particles observed had diameters 

less than 5 µm. The aged, fluorescent SSA had a similar AF to the nascent SSA with mean values 

of 5.86 ± 2.78, 5.74 ± 2.68, and 5.69 ± 2.66 for 3.2, 9.9, and 16.6 days of equivalent aging, 
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respectively. Thus, although increased aging appeared to lower the AF slightly, the similarity of 

the AF values before and after aging suggests atmospheric aging processes do not have a 

considerable effect on the shape of SSA particles. The consistency of AF values before and after 

oxidation/heterogeneous reactions suggests this measurement may be beneficial for identification 

of SSA in an ambient environment.  

4.4.4 Aged Fluorescent Particle Fraction Throughout Bloom Phases  

The fluorescence classes, first defined by Perring et al. (2015), are a common method used 

in WIBS analysis for classifying fluorescent particle types and providing information on the 

fluorescence behavior and biomolecules within these particles (Perring et al., 2015). Here, we 

observed the relative changes in the fraction of particles fluorescent in each class over the course 

of the phytoplankton bloom in experiment 2. The fluorescent class fraction was derived by dividing 

the number of particles fluorescent within each class by the total number of fluorescent and non-

fluorescent particles, as shown in Eq 4.1: 

𝐹𝐹𝑖 =  
𝑁𝐹𝑙,𝑖

𝑁𝑇𝑜𝑡
      [4.1] 

Where 𝐹𝐹𝑖 represents the fluorescent fraction of fluorescence class 𝑖, 𝑁𝐹𝑙,𝑖 represents the number 

of fluorescent particles in class 𝑖, and 𝑁𝑇𝑜𝑡 represents the total number of fluorescent and non-

fluorescent particles. NTot is used here instead of the total number of fluorescent particles to prevent 

skewing the data from an increase or decrease of a specific fluorescence class. The class-specific 

fluorescent fraction was calculated for both the nascent SSA and the aged SSA at the three different 

aging schemes. Classes ABC and AC are omitted from this discussion due to low particles counts 

throughout the experiment. 

To determine if there was a significant change in the fluorescent fraction after aging in the 

OFR, a Student’s t-test with unequal variance was used to compare the nascent and aged data over 



 
 

114 

the entire phytoplankton bloom. Table 4.1 summarizes the results of the t-test with the determined 

p-value shown for each fluorescence class at the different days of equivalent aging. The 

fluorescence classes B, C, AB, and BC showed statistically significant (p-value < 0.05) fluorescent 

fractions at all levels of aging compared to nascent particles. Class A only showed a significant 

difference at the highest level of aging and difference at a confidence interval of 90% for 9.9 days 

of equivalent aging. Thus, the simulated aging in the OFR resulted in significant changes in the 

fluorescent particle population and suggests that, in the real environment, atmospherically aged 

SSA may have a different fluorescent particle composition compared to nascent SSA. 

To further distinguish between the fluorescent class fraction of nascent SSA compared to 

the fluorescent class fraction of aged SSA, we calculated the ratio of the aged fluorescent fraction 

to the nascent fluorescent fraction according to Eq 4.2:  

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜𝑖 =
𝐹𝐹𝑖,𝐴𝑔𝑒𝑑

𝐹𝐹𝑖,𝑁𝑎𝑠𝑐𝑒𝑛𝑡
      [4.2] 

Here, the fluorescent fraction ratio for an individual fluorescence class, 𝑖, is the fluorescent fraction 

of class 𝑖 for aged SSA (𝐹𝐹𝑖,𝐴𝑔𝑒𝑑) divided by the fluorescent fraction of class 𝑖 for nascent SSA 

(𝐹𝐹𝑖,𝑁𝑎𝑠𝑐𝑒𝑛𝑡). Based on this equation, if the aged SSA contained a higher/lower fluorescent fraction 

than nascent SSA, for a specific fluorescence class, than the value of the ratio would be greater/less 

than one. Box plots of the ratios were plotted for the fluorescence classes A, B, C, AB, and BC 

throughout the different bloom phases of experiment 2 (Figure 4.5). Included in these plots are a 

horizontal line at the 1:1 ratio to better highlight the changes that occurred following oxidation in 

the OFR.  

Throughout all phases of the phytoplankton bloom, the fraction of particles fluorescent in 

class A decreased with simulated aging, especially for SSA aged at 9.9 and 16.6 equivalent days 

of aging (Figure 4.5a). This trend is relatively consistent with the other observations of the 
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degradation of channel 1 fluorescence with aging. Unlike class A, aged SSA generally had a higher 

fluorescent fraction for class B and class C compared to the nascent SSA. The fluorescent fraction 

of aged SSA in class B increased throughout the progression of the phytoplankton bloom and at 

times reached a median value twice that of nascent SSA (Figure 4.5b). The fluorescent fraction of 

aged SSA in class C was consistently higher by ~1.2 times that of nascent SSA throughout the 

course of the bloom (Figure 4.5c). In most cases, increased aging led to a decrease in the 

fluorescent fraction for particles in both class B and C, potentially due to increased degradation of 

fluorophores.  

Notable changes in the fluorescent fraction of class AB were observed following oxidation 

(Figure 4.5d). In the pre-bloom phase of experiment 2, oxidation of the SSA resulted in a decrease 

in the class AB fluorescent fraction of aged SSA to less than half that of nascent SSA. However, 

for the peak-bloom and post-bloom phases, the influence of aging on the fluorescent fraction of 

class AB particles was less apparent. Additionally, the class AB fluorescent fraction of nascent 

SSA during peak- and post-bloom phases was generally less than that of the pre-bloom period, 

suggesting a change in the SSA fluorophores following the outdoor tank addition (Figure 4.13). 

Particles in class AB showed a consistent decrease in the median fluorescent fraction ratio 

associated with increased aging indicating a degradation of the fluorescent biomolecules in these 

SSA particles.  

Class BC showed the greatest changes in the fluorescent particle fraction over the course 

of the phytoplankton bloom (Figure 4.5e). Throughout experiment 2, aging led to an increase in 

the overall fluorescent fraction of particles in class BC. The fluorescence fraction of aged SSA 

continued to increase throughout the progression of the phytoplankton bloom going from ~2.5 to 

~7.5 times that of the nascent SSA in the lowest aging scheme (3.2 days). Additionally, increased 
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aging in the OFR resulted in an increase of the fluorescent particle fraction, suggesting continued 

production of fluorophores in these channels with more intense aging. Previous measurements by 

Yue et al. (2019) observed a shift in the diurnal fluorescent population marked by a decrease in 

class A particles and an increase in the class BC particles (Yue et al., 2019). The authors attributed 

this shift to oxidation of the protein-like material (class A) and transformation to humic-like 

substances (class BC) (Yue et al., 2019). The results shown here suggest a similar oxidation and 

conversion of protein-like fluorophores to humic-like fluorophores for SSA under atmospheric 

aging conditions.  

The changes in the fluorescent fraction for each class reflect the trends observed for the 

fluorescence intensity measurements, where aging led to an increase of the number of particles in 

channels 2 and 3 and a decrease of the number of particles in channel 1. Furthermore, similar 

changes were observed in experiment 1 which showed lower fluorescent fraction ratios for classes 

A and AB and higher ratios for classes B, C, and BC (Figure 4.14). Based on these controlled 

experiments, atmospheric aging leads to the degradation of protein-like organic matter and 

production of humic-like substances within SSA particles in the ambient environment, as 

previously reported in field measurements over the Pacific Ocean (Miyazaki et al., 2018). The 

results from the fluorescent fraction analysis indicate that measurements of aged SSA may vary 

significantly from measurements of nascent SSA emitted from the same source, especially with 

further aging. Additionally, an increase in the fraction of humic-like particles (classes B and BC) 

associated with atmospheric aging may be more prominent during the later stages of natural 

phytoplankton blooms. The changes associated with biological state suggest the chemical 

composition of SSA can influence the reactivity of fluorescent compounds with atmospheric 

oxidants. 
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4.4.5 Implications  

This study demonstrates the potential changes in fluorescent SSA following oxidation from 

OH and ozone over timescales of 3 to 16 days of equivalent aging under RH conditions 

representative of the marine boundary layer (Baumgardner and Clarke, 1998). Therefore, these 

results represent a first look at the influence of atmospheric oxidants on the fluorescence properties 

of SSA especially in a coastal environment. The significant changes to the fluorescent fractions 

reported here indicate that atmospheric aging may alter the fluorescent particle population of SSA, 

especially as more time elapses from the particle generation. These changes have implications for 

both detection and identification of bioaerosols in a marine environment using fluorescence 

techniques. Because fluorescence classes are often used to help distinguish between broad 

categories of known bioaerosols at the population level (Hernandez et al., 2016), changes to the 

class fractions will impact bioaerosol discrimination. We show here that SSA can undergo 

transformations leading to an increase in the fraction of particles with humic-like fluorescence, 

from an increase of 1.2 – 2 times the amount of particles fluorescent in classes B and C to up to 

7.5 times the number of particles for class BC depending on the state of the phytoplankton bloom. 

The increase in humic-like substances following oxidation aligns with previous fluorescence 

measurements including those in a marine environment (Yue et al., 2019; Miyazaki et al., 2018). 

Humic-like substance formation may affect the ability of SSA to act as both CCN and INP and 

therefore impact cloud formation within marine environments (Sun and Ariya, 2006; Ariya et al., 

2009). Detailed information on bioaerosol production and influence on cloud formation is 

necessary for global climate modeling (Burrows et al., 2009). Continued research on the 

transformation of marine bioaerosols following atmospheric aging will provide deeper insights 

into the role of SSA on the global atmosphere.  
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4.6 Figures  

 

Figure 4.1. Graphical abstract. 

 

 

Figure 4.2. Time series of experiment 2 showing the daily average fluorescent particle fraction of 

nascent SSA measurements (black line) ± one standard deviation (error bars). The first day 

consisted of only one nascent sampling period, and therefore does not have associated error bars. 

Included are chlorophyll-a (green) and heterotrophic bacteria concentrations (blue). The phases of 

the phytoplankton bloom are denoted above the figure. 

 



 
 

120 

 

Figure 4.3. Histograms of the single-particle fluorescent intensity normalized to the total number 

of particles for channel 1 (a), channel 2 (b), and channel 3 (c). Included in each plot are histograms 

for nascent SSA (blue) and aged SSA exposed to 3.2 days of equivalent aging (yellow), 9.9 

equivalent days (orange), and 16.6 equivalent days (red).  
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Figure 4.4. Probability density functions of the size distributions for the mean daily particle counts 

(#/L) normalized to the bin widths (solid line) along with one standard deviation (shaded) for 

channel 1 (a), channel 2 (b), and channel 3 (c). Included in each plot are traces for nascent SSA 

(blue) and aged SSA exposed to 3.2 (yellow), 9.9 (orange), and 16.6 (red) days of equivalent aging.  
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Figure 4.5. Fluorescent fraction ratio across different phytoplankton bloom phases (pre-bloom, 

peak-bloom, post-bloom) and different aging schemes (3.2, 9.9, and 16.6 days of equivalent 

aging). Shown are the box plots for the fluorescent classes A (a), B (b), C (c), AB (d), and BC (e) 

along with a 1:1 line plotted with each graph. Boxes depict the median fluorescent fraction ratio 

(black line) along with the interquartile range and whiskers correspond to the 5th and 95th percentile 

with open markers indicating outliers.  
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4.7 Tables  

Table 4.1. P-values reported from the Student’s t-test with unequal variance comparing the 

fluorescent fraction of aged SSA to nascent SSA across different fluorescence classes. P-values 

less than 0.05 are bolded to highlight statistical significance. 
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4.8 Supplemental Information  

The operation of the OFR requires UV light at wavelengths not normally experienced in 

the troposphere which can cause photooxidation of molecules in SSA particles. Therefore, we 

chose to analyze the effect of these lights on aerosol fluorescence under dry conditions (RH<10%), 

ensuring significantly lower OH concentrations (Kang et al., 2007). Under these low RH 

conditions, we found exposure of SSA and exposure of tryptophan and ammonium sulfate particles 

to the UV radiation showed drastically different results in the channel 1 fluorescence intensity 

compared to standard operation with the OFR. Instead of a decrease in the channel 1 fluorescence 

intensity, as was observed during normal OFR operation (see Section 4.4.2), there was a substantial 

increase in the channel 1 fluorescence intensity under the low RH conditions (Figure 4.7), likely 

due to the high molar absorptivity of tryptophan at 185 nm (Wetlaufer, 1963). The lack of this 

increase in channel 1 intensity during normal operation of the OFR indicates that the effect of the 

UV radiation on the particles was minimized. Instead, degradation of the channel 1 fluorescence 

suggests that, under the standard operation of the OFR, the reactions with OH and other oxidants 

are the dominant effect on incoming particles.  
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4.9 Supplemental Figures  

 

 
Figure 4.6. Venn diagram showing the overlap of the different fluorescence classes measured with 

the WIBS. Fluorescence classes defined based on which channels detect fluorescence above the 

threshold. 
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Figure 4.7. Histograms of the single-particle fluorescent intensity normalized to the total number 

of particles in channel 1 for: nascent SSA and OFR operations under normal conditions (a), nascent 

SSA and OFR operations under low RH conditions (b), tryptophan and ammonium sulfate particles 

with the OFR off and under normal OFR conditions (c), and tryptophan and ammonium sulfate 

particles with the OFR off and under normal OFR conditions (d). For each plot, the nascent or 

OFR off conditions are in blue while the OFR on conditions are in yellow.  
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Figure 4.8. Calibration curve for the OFR to determine the relationship between lamp voltage and 

OH exposure (blue) and the days of equivalent aging (red). Linear fits for each are included along 

with the coefficient of determination.  
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Figure 4.9. Time series of experiment 1 showing the fluorescent particle fraction (black line) along 

with one standard deviation (error bars) and the chlorophyll-a concentration (green) and 

heterotrophic bacteria concentration (blue) throughout the course of each phytoplankton bloom.  
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Figure 4.10. Daily mean fluorescence intensities shown with the standard error of the mean (error 

bars) for channel 1 (a), channel 2 (b), and channel 3 (c). Included in each plot are the values for 

the nascent SSA (blue), SSA exposed to 3.2 days of equivalent aging (yellow), 9.9 equivalent days 

(orange), and 16.6 equivalent days (red). 
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Figure 4.11. Histograms of the single-particle fluorescent intensity of tryptophan and ammonium 

sulfate particles normalized to the total number of particles in channel 1 (a), channel 2 (b), and 

channel 3 (c). Included in each plot are histograms for the OFR lamps off (blue) and aged 

tryptophan and ammonium sulfate particles exposed to 3.2 days of equivalent aging (yellow), 9.9 

equivalent days (orange), and 16.6 equivalent days (red). 
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Figure 4.12. Probability density functions of the size distributions of the mean daily particle counts 

normalized to the bin width (solid line) along with one standard deviation (shaded) for nascent 

SSA (blue), aged SSA exposed to 3.2 (yellow), 9.9 (orange), and 16.6 (red) days of equivalent 

aging. 
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Figure 4.13. Fluorescent fractions of the fluorescence classes A (a), B (b), C (c), AB (d), and BC 

(e) plotted over the course of experiment 2. Each point represents a sampling period and included 

in each plot are nascent SSA (blue), aged SSA exposed to 3.2 (yellow), 9.9 (orange), and 16.6 

(red) days of equivalent aging. 
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Figure 4.14. Fluorescent fraction ratio for experiment 1 during different aging schemes (3.2, 9.9, 

and 16.6 days of equivalent aging). Shown are the box plots for the fluorescent classes A (a), B 

(b), C (c), AB (d), and BC (e) along with a 1:1 line plotted with each graph. Boxes depict the 

median fluorescent fraction ratio (black line) along with the interquartile range and whiskers 

correspond to the 5th and 95th percentile with open markers indicating outliers. 
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Chapter 5. Real-Time Fluorescence Measurements of Marine and Continental Aerosols 

in a Coastal Environment 

5.1 Abstract 

Biological aerosols are known to affect clouds, climate, and human and ecosystem health. 

Urbanized coastlines represent a convergence zone of bioaerosols originating from terrestrial, 

anthropogenic, and marine sources that change with wind direction on short timescales and require 

observational techniques with high time resolution to measure the dynamic atmospheric 

environment. High time resolution measurements are especially important along coastlines that 

are impacted by wastewater and pollution runoff which can be aerosolized through breaking 

waves. Here, a Wideband Integrated Bioaerosol Sensor (WIBS) was used to measure the 

compositions and concentrations of fluorescent particles at two sites along the Southern California 

coast to characterize air masses originating from continental and marine sources and investigate 

the impact of wastewater and pollution runoff on coastal bioaerosol populations. Fluorescence 

measurements revealed significant changes in atmospheric composition consistent with the diurnal 

the land/sea breeze cycle. Fluorescent particles in onshore winds comprised 5.3 ± 4.6% of all 

particles > 0.8 µm while fluorescent particles in offshore winds made up 16 ± 12% of all particles. 

Offshore winds contained particles with fluorescent and morphological profiles indicative of 

anthropogenic combustion sources, which were highly correlated with effective black carbon 

concentrations. In contrast, onshore winds often contained particles with fluorescence signatures 

and size distributions consistent with marine bacteria and humic-like substances released in sea 

spray aerosol particles. Marine air masses measured at two separate coastal sites showed 

dramatically different fluorescence profiles compared to continental air masses, highlighting the 

capability of the WIBS to provide real-time information on bioparticle sources. Furthermore, by 
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comparing marine air masses from a clean coastal site to a wastewater polluted coastal site, we 

show higher fluorescent particle fractions and larger fluorescent particle diameters indicative of 

microbial bioaerosols associated with marine air masses originating from sewage contaminated 

seawater. Increased wastewater outflow into the ocean correlated with higher fluorescent fractions 

and strongly correlated with the fraction of fluorescent particles with humic-like fluorescence, 

suggesting this as a potential fluorescence indicator of polluted SSA. These results demonstrate 

the use of online fluorescence techniques to distinguish between particle populations derived from 

anthropogenic aerosol sources, clean marine sources, and wastewater polluted marine sources in 

urban coastal environments.   

5.2 Introduction  

Biological aerosols, or bioaerosols, are aerosols which are comprised of microbes, 

microbial fragments, excrements, and spores (Fröhlich-Nowoisky et al., 2016). Bioaerosols are 

present throughout the atmosphere and come from a variety of different sources including plants, 

fungi, and oceans. Because of their size, they can travel far distances and have both local and 

global influence (Després et al., 2012). Bioaerosols impact clouds and climate, acting as cloud 

condensation nuclei and ice nuclei, and have the potential to influence precipitation and radiative 

flux (Fröhlich-Nowoisky et al., 2016; Pratt et al., 2009). Bioaerosols, in the form of pathogenic 

bacteria and viruses, can also affect human health and ecological systems resulting in 

hospitalization and financial losses (Douwes et al., 2003).  

Wastewater is known to contain human pathogenic species such as Escherichia coli (E. 

coli), hepatitis A, and enterovirus, which can survive in marine environments (Griffin et al., 2003; 

Gersberg et al., 2006). When wastewater is released into the coastal ocean and trapped in the surf 

zone, pathogens can be aerosolized in sea spray aerosol (SSA) particles through breaking waves 
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and bubble bursting (Baylor et al., 1977; Graham et al., 2018; Michaud et al., 2018). Furthermore, 

bubble scavenging leads to enrichment of biological species including bacteria and viruses at the 

sea surface and in SSA (Aller et al., 2005; Rastelli et al., 2017; Michaud et al., 2018). Previous 

studies have demonstrated the potential for coastal waters to be aerosolized and transmitted over 

land in sea spray aerosols (Pendergraft et al., 2021).  

At the border between Imperial Beach, USA and Tijuana, Mexico, stormwater and 

wastewater runoff from the Tijuana River flow into the Pacific Ocean (Gersberg et al., 2006). At 

the mouth of the Tijuana Estuary, currents carry the sewage contaminated water along the coastline 

where it causes beach closures and has the potential to be aerosolized through breaking waves 

(Feddersen et al., 2021; Zimmer-Faust et al., 2021). Although measurements of sewage related 

bacteria are commonly used for seawater pollution detection, few studies focus on the release of 

bioaerosols from polluted waters and the potential impact on local communities (Graham et al., 

2018).  

Bioaerosols are often collected onto filters and subsequently analyzed offline through 

culturing or genomic sequencing. However, these measurements require long collection periods 

and often extensive time for offline processing. An alternative method for bioaerosol detection 

with near real-time detection is online fluorescence spectroscopy, which detects naturally 

fluorescent biomolecules including select amino acids (tryptophan, tyrosine, phenylalanine) and 

biological cofactors (riboflavin, nicotinamide adenine dinucleotide (phosphate); NAD(P)H) 

(Pöhlker et al., 2012).  Fluorescence spectroscopy can also detect non-biological fluorescent 

particles such as polycyclic aromatic hydrocarbons (PAHs), often found in combustion related 

aerosols, and humic-like substances, formed through the decomposition of biological molecules in 

marine and terrestrial systems (Pöhlker et al., 2012). High temporal resolution of fluorescent 
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particle detection allows for comparisons to changing meteorological and environmental 

conditions, therefore providing more informative results to local communities. Recently, single-

particle fluorescence spectrometers have been used in ambient and laboratory settings for the 

online identification of fluorescent particles (Santarpia, 2016; Fennelly et al., 2018; Huffman et 

al., 2020; and references within), including those derived from SSA (Kawana et al., 2021; 

Moallemi et al., 2021; Santander et al., 2021). However, the fluorescence detection of SSA often 

occurs in remote marine environments or isolated laboratory settings and has yet to be observed in 

an urban-coastal environment influenced by land/sea breezes and anthropogenic and terrestrial 

sources.  

Here, a single-particle fluorescence spectrometer, the Wideband Integrated Bioaerosol 

Sensor (WIBS) was used to detect fluorescent particles in the air near the mouth of the Tijuana 

Estuary during the wet season of 2019, when coastal water quality is heavily impacted by raw 

wastewater and pollution runoff. Utilizing the WIBS along with a suite of other instruments in an 

urban-coastal setting, meteorological and fluorescent aerosol measurements were used to study the 

conditions leading to the impact of contaminated ocean water and anthropogenic aerosol sources 

on local air quality. Background air measurements were made on the Ellen Browning Scripps 

Memorial Pier in La Jolla, a coastal location ~23 miles north of the Tijuana Estuary and less 

affected by wastewater sources, to compare the influence of sewage runoff on marine bioaerosol 

emissions. We discuss the ability of the WIBS to characterize and distinguish between aerosol 

populations derived from continental, clean marine, and polluted marine sources using online 

fluorescence and morphological measurements. 

5.3 Methods 

5.3.1 Sampling Sites 
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Measurements for this study were made along the coast of the Pacific Ocean in San Diego, 

CA, USA at two different sampling sites, located ~23 miles apart (Figure 5.1). The main sampling 

location was at the International Friendship Park (32°32'06.5"N 117°07'19.6"W), located within 

Border Field State Park in the Tijuana River National Estuarine Research Reserve, herein 

designated as BF sampling site (Figure 5.1c). Sampling took place from Feb 28, 2019, to Apr 24, 

2019. This park is located at the border between Imperial Beach, USA, with the urban center ~2.5 

miles to the north, and Tijuana, Mexico, ~330 ft to the south, with the Pacific Ocean to the west. 

The major Mexican Federal Highway (1D) is located ~0.81 miles to the southeast, and the Naval 

Outlying Landing Field Airport is located ~2.2 miles to the northeast. The sampling site was 

located at an elevation of approximately 66 ft above sea level and about 330 ft from the ocean. 

This location was chosen due to its proximity to the mouth of the Tijuana River which intersects 

the Pacific Ocean around 1.3 miles to the northwest of the sampling site (Figure 5.1c).    

The second sampling site was located at the Scripps Institution of Oceanography (SIO) on 

the Ellen Browning Scripps Memorial Pier (32°51'58.9"N, 117°15'17.2"W) (SIO sampling site, 

Figure 5.1b). The location of the SIO site was directly above the shoreline along the east end of 

the pier at an elevation of 36 ft above sea level. Sampling at SIO took place from May 15, 2019, 

until May 27, 2019. The SIO location was chosen as a reference site with little wastewater pollution 

and less influence from anthropogenic aerosols because of its distance from major stormwater 

outflows (~4.6 miles from Los Penasquitos Watershed) and major metropolitan centers (11.5 miles 

from San Diego), respectively.       

5.3.2 Instrumentation 

WIBS: Single-particle fluorescence was measured using a Wideband Integrated Bioaerosol 

Sensor (Droplet Measurement Technologies, WIBS-NEO). The operation of the WIBS has been 
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previously described in detail (Gabey et al., 2010; Forde et al., 2019). Briefly, the WIBS utilizes 

two xenon lamps with bandpass filters to generate two excitation wavelengths: 280 nm (Xe1) and 

370 nm (Xe2). The WIBS then collects fluorescence emission using two photomultiplier tubes 

(PMTs) with in-line bandpass filters at the wavelength bands 310 – 400 nm (FL1) and 420 – 650 

nm (FL2). The combination of excitation wavelengths and emission collection bands yields three 

fluorescence “channels” (Ch) measured by the WIBS. The three channels are: channel 1 (Xe1/FL1; 

excitation/emission = 280 nm/310 – 400 nm; targeting tryptophan), channel 2 (Xe1/FL2; 280 

nm/420 – 650 nm; targeting riboflavin), and channel 3 (Xe2/FL2; 370nm/420 – 650 nm, targeting 

NAD(P)H). Fluorescence in one or more of these channels can be further categorized into seven 

different fluorescence classes, originally described by Perring et al. (2015). These classes are 

exclusive and denoted as follows: class A (Ch 1 fluorescence only), B (Ch 2 only), C (Ch 3 only), 

AB (Ch 1 & 2), AC (Ch 1 & 3), BC (Ch 2 & 3), and ABC (Ch 1, 2, & 3) (Figure 5.8). 

To determine the background fluorescence of the WIBS optical chamber, a “forced trigger” 

is performed where the xenon lamps are flashed while the sample flow is off. The forced trigger 

ran for 5 minutes on an 8-hour scheduler throughout the study. Particles were deemed fluorescent 

if their fluorescence intensity was greater than a set threshold according to the following equation:  

𝐸𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑖
= 3𝜎𝑖 + 𝐸𝑖

¯

    [5.1] 

where 𝐸𝑖

¯

 is the mean forced trigger intensity and 𝜎𝑖 is the standard deviation of the mean for each 

fluorescence channel (i), similar to previous studies (Healy et al., 2012a; Hernandez et al., 2016). 

The threshold was then subtracted from the particle fluorescence for each channel. Here, the mean 

threshold for the study was used because there was little drift observed in the measured threshold.  

 In addition to the fluorescence measurements, the WIBS measures the optical diameter and 

the asymmetry factor (AF) of each particle using the scattered light from a 635 nm continuous-
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wave laser. Side scattered light is detected on the FL2 detector and the optical diameter from 0.5 

– 50 µm is derived based on calibrations using polystyrene latex spheres. The AF value is obtained 

from forward scattered light onto a quadrant PMT and ranges from 1 – 100 with lower values (<10 

– 15) corresponding to spherical shapes and higher values (>30) relating to more rod-like particles 

(Kaye et al., 2007; Crawford et al., 2017). In addition to the fluorescence threshold that was set for 

this study, we selected particles greater than 0.8 µm due to the lower counting efficiency of the 

WIBS below this diameter (Healy et al., 2012b; Crawford et al., 2017; Lieberherr et al., 2021) and 

to minimize the potential influence of non-biological fluorescent sources such as PAHs which are 

often in the submicron size range (Bond et al., 2013).   

Aethalometer: A seven-wavelength aethalometer (Magee Scientific, Model AE31, λ = 370, 

470, 520, 590, 660, 880, and 950 nm) was used to record the optical absorption of aerosol particles 

in 5-minute time intervals to determine the black carbon content. Here, we use the terminology 

suggested by Petzold et al. (2013) for optical absorption methods and report the equivalent black 

carbon mass concentrations (EBC) using the absorption of light from the λ = 880 nm lamp. This 

wavelength was chosen because it compares to single wavelength aethalometers and is less 

influenced by ultraviolet absorbing species, such as PAHs and mineral dust, that can increase the 

absorption at lower wavelengths (Weingartner et al., 2003). The principles of the aethalometer 

were originally described by Hansen et al. (1984) and the operation and function of the 

multiwavelength aethalometer has been described in detail in subsequent articles (Hansen, 2005; 

Fialho et al., 2005; Weingartner et al., 2003). Briefly, the aethalometer is based on the principles 

of Beer-Lambert’s law and measures the attenuation of source light by aerosols collected onto a 

quartz filter compared a reference spot without aerosols according to Eq. 5.2:  

𝐴𝑇𝑁 = ln (
𝐼0

𝐼
) ∗ 100     [5.2] 
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Where 𝐼0 is intensity of the incoming light at a specific wavelength without collected aerosols, and 

𝐼 is the intensity of light after passing through an aerosol-laden filter. The aerosol attenuation 

coefficient is described by Eq. 5.3: 

𝑏𝐴𝑇𝑁 =
𝐴

𝑄

∆𝐴𝑇𝑁

∆𝑡
      [5.3] 

Where 𝐴 is the spot area of collected aerosols, 1.67 cm2, 𝑄 refers to the flow rate of 4.9 liters per 

minute, ∆𝐴𝑇𝑁 is the change in the attenuation over the time base, ∆𝑡, which was set to 5 minutes 

(Hansen et al., 2005). The non-corrected equivalent mass concentration of black carbon, 𝐸𝐵𝐶𝑁𝐶, 

is then derived from the attenuation coefficient based on Eq. 5.4: 

𝐸𝐵𝐶𝑁𝐶(
𝑛𝑔

𝑚3) =
𝑏𝐴𝑇𝑁

𝜎𝐴𝑇𝑁
     [5.4] 

In Eq. 5.4, 𝜎𝐴𝑇𝑁 represents the specific attenuation cross section at the measured wavelength of 

light and is provided by the manufacture (Hansen, 2005).  

Aethalometer Data Corrections: It is well known that single spot aethalometers, such as 

the AE31, can be biased by a number of factors including: 1) noise at low black carbon 

concentrations due to fluctuations in the digitized signals that result in negative ATN and EBC 

values, 2) fluctuations resulting in very high values followed by comparatively low values 3) 

enhanced absorption due to scattering from the fiber filter, and 4) increased loading of aerosols on 

the filter resulting in lower attenuation values than on a new filter. To account for these biases, the 

following post-processing analysis was applied to the data: 1) negative ATN and EBC values due 

to very low black carbon concentrations at the start of a filter change were set to zero; 2) 

fluctuations resulting in high and low values were corrected using the Optimized Noise-reduction 

Averaging Algorithm defined by Hagler et al. (2011) to retain the time base of 5 minutes; 3) 

scattering from the filter and 4) the increased loading were both corrected for using the 

Weingartner et al. (2003) method suggested in Collaud Coen et al. (2010) for data that do not 
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contain scattering coefficients measurements. The Weingartner correction method is further 

described in the Supplement.  

Here, we designated three different ranges to distinguish the level of air pollution based on 

EBC concentrations: 1) low-EBC corresponds to EBC < 100 ng/m3, 2) medium-EBC represents 

periods with EBC ≥ 100 ng/m3 and ≤ 1000 ng/m3, and 3) high-EBC when EBC > 1000 ng/m3. The 

low-EBC category, representing clean air masses, was selected based on the concentrations of 

EBC at the reference location (SIO). The medium-EBC air masses can be considered somewhat 

influenced by anthropogenic sources, and the high-EBC air masses are assumed to be heavily 

influenced by the anthropogenic sources. 

Meteorological Station: Meteorological data were collected using a meteorological station 

(Columbia Weather Systems, Inc., Magellan MX600) which collected precipitation rate, relative 

humidity, temperature, wind speed and wind direction data at the sampling location. The sensor 

for the meteorological station (met station) was elevated ~1 m above the roof of the trailer to put 

the met station sensor at the same height as the inlet to the WIBS and the aethalometer.  

River Flow Data: Information on the flow of the Tijuana River was acquired from the 

International Boundary and Water Commission (waterdata.ibwc.gov). The data on the river 

discharge were selected for the Tijuana River at the International Boundary (location: 11013300) 

for the time periods when measurements were performed at the BF sampling site (Feb 28 – Apr 

24, 2019). The 5-minute discharge recordings were used for this analysis to maintain high temporal 

resolution.   

Back Trajectory Analysis Three-day (72-hour) back trajectories were calculated using the 

Flexible Particle (FLEXPART) dispersion model, a Lagrangian particle dispersion model. 

FLEXPART was run backwards in time and simulated the transport of aerosols and gases in the 
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atmosphere based on meteorological data (Stohl et al., 1998, 2005). Here, the meteorological data 

inputs used in FLEXPART were collected from the United States National Centers for 

Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) 6-hour products. 

For each FLEXPART simulation, 2000 “air parcels” were released from a height of 66 ft from the 

BF sampling location coordinates and a height of 33 ft from the SIO sampling coordinates. The 

data outputs from each simulation included the latitude, longitude, and vertical distribution of the 

“air parcels” for each hour of the back trajectory. For these analyses, we focused on the horizontal 

spatial information to characterize the origin of the air mass. The data output from each 72-hour 

back trajectory was analyzed to determine the percentage of “air parcels” with latitudinal and 

longitudinal coordinates positioned over the ocean. Back trajectories were then classified as 

predominantly marine origin if the percentage of “air parcels” with positions over the ocean was 

greater than or equal to 80%.      

5.3.3 Air Mass Selection 

To identify air masses with different source influences at both BF and SIO, a combination 

of both local meteorological information and back trajectory analysis was used. Five-minute air 

masses were primarily selected based on the average wind direction and the EBC concentrations. 

Onshore winds (blowing from the west) were more likely to contain a larger fraction of freshly 

emitted SSA particles, and offshore winds (blowing from the east) were more likely to be 

influenced by terrestrial and anthropogenic sources. The EBC concentrations were used as a proxy 

to identify periods of high versus low local airborne pollution. Two main air mass types at BF 

were isolated with these parameters: 1) Polluted, continental air masses which were described as 

air masses blowing from the east (0° – 180°) with EBC concentrations > 1000 ng/m3 (BF 

Continental), and 2) Clean, marine air masses selected as air masses blowing from the northwest 
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(270° – 330°, highlighted in section 5.4.2) with EBC concentrations < 100 ng/m3 (BF Marine). At 

SIO, we identified air masses with similar conditions to the clean, marine air masses measured at 

BF, but with winds blowing from the west (180° – 360°) and with EBC concentrations < 100 ng/m3 

(SIO Marine).  

Then 72-hour back trajectories were run for the periods when local marine conditions were 

met to further confirm the origin of these air masses. When gaps between local marine conditions 

were greater than 2 hours, a new back trajectory was run. If the local conditions persisted for more 

than 4 hours, additional back trajectories were run every 4 hours to ensure no major changes in the 

air mass origin. Back trajectory plots for both BF Marine and SIO Marine air masses are shown in 

Figures 5.9 and 5.10. 

5.4 Results and Discussion 

5.4.1 Timeseries of fluorescent particle populations 

Throughout the course of the field campaign at BF, there was daily variability in the particle 

populations and meteorological conditions. As shown in Figure 5.2a, the 6-hour averages of the 

wind speed and direction show strong diurnal trends throughout the course of the study. Wind 

direction varied from around 90° (E) to 315° (NW) and on average the wind speed was around 

1.58 ± 1.02 m/s. There was a notable amount of variability in the 30-minute averaged EBC 

concentrations with higher counts often observed over the course of the weekend, likely due to 

increased activity at the beach and local traffic in the area (Figure 5.2b). In general, 30-minute 

averages for the fluorescent particle counts (NFl) tracked those of the total particle counts (NTot) 

(Figure 5.2c). However, the 30-minute fluorescent particle fraction (NFl/NTot) highlights periods 

of variable fluorescent particle concentrations within the aerosol population (Figure 5.2d). 

Throughout the study average fluorescent particle concentrations and total particle concentrations 
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were 289 ± 247 L-1 and 5559 ± 5901 L-1, respectively, while the fluorescent fraction was on average 

0.086 ± 0.090 and reached a maximum of 0.65 on April 5, 2019. These counts are in the range of 

previous studies measuring the fluorescent fraction of aerosols in an urban environment (Gabey et 

al., 2011; Yue et al., 2017, 2019; Calvo et al., 2018). Notably, higher fluorescent particle fractions, 

0.16 ± 0.12, (Figure 5.2d) often occurred during offshore winds (blowing from the east; 0° – 180°) 

compared to onshore winds (180° – 360°), 0.053 ± 0.046. This discrepancy reflects the different 

aerosol sources, with offshore winds comprised of terrestrial bioaerosols and non-biological 

fluorescent particles and onshore winds primarily consisting of marine bioaerosols, which have 

been previously shown to contain lower bacterial concentrations compared to urban environments 

(Shaffer and Lighthart, 1997).  

The fluorescent and total particle concentrations measured at the SIO location were lower 

than at BF, with average fluorescent and total particle counts of 67 ± 35 L-1 and 3028 ± 2213 L-1, 

respectively, over 30-minute sampling periods (Figure 5.11c). The lower total particle counts are 

likely the result of cleaner conditions at SIO with lower anthropogenic influences; evident from 

the average EBC concentrations of 102.1 ± 155.7 ng/m3 compared to BF, 996.6 ± 1924.3 ng/m3 

(Figure 5.11b). In addition to the lower overall counts, the fluorescent particle fraction of the 

aerosol population at SIO (0.026 ± 0.013) was lower than that at the BF location (0.086 ± 0.090), 

suggesting less influence by bioaerosols and/or non-biological fluorescent sources (Figure 5.11d). 

The wind direction at the SIO site was primarily from the west (onshore) and the measured 

fluorescent fraction agrees with values previously reported for SSA (Kawana et al., 2021; 

Moallemi et al., 2021; Santander et al., 2021), indicating a predominant source of marine derived 

bioaerosols.  
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To better understand the sources of particle populations at BF, fluorescent particles were 

characterized according to the classification scheme presented by Perring et al. (2015) (Figure 5.8) 

into their respective fluorescent classes for each 30-min interval. This classification system creates 

a fluorescence signature to help distinguish between different particle sources and gather 

information on the fluorescent biomolecules present in the aerosols. In general, the 30-min 

fluorescence class profiles (fraction of fluorescent particles represented by each class) varied with 

offshore and onshore winds, indicting different sources of fluorescent particles depending on wind 

direction. In offshore winds, the fluorescent particle populations were largely comprised of class 

ABC (~20 – 40%) and class BC (~ 20%) particles (Figure 5.2e). In contrast, during onshore winds, 

the fluorescent populations largely consisted of class A particles (~20 – 40%) as well as class C 

particles (~10 – 20%) similar to previous measurements of bioaerosols in SSA (Moallemi et al., 

2021; Santander et al., 2021). By using this classification method to define the fluorescence profile 

of particle populations, WIBS measurements can help discriminate between air masses derived 

from different sources in an urban-coastal environment.  

The 30-min fluorescence class profiles at the SIO location were more consistent compared 

to BF, suggesting a single bioaerosol source for most of the sampling campaign (Figure 5.11e). 

The fluorescence profile observed throughout most of the SIO sampling period matched the 

signature measured at BF during the onshore periods, with primarily class A particles (~20%) and 

class C particles (10 – 20%), suggesting marine derived particles were the predominant aerosol 

source at SIO. Similar to BF, offshore winds were often associated with increases in the overall 

fluorescent particle fraction (NFl/NTot) and an increase in the fraction of class ABC and class BC 

fluorescent particles, indicating a continental fluorescent particle source from these wind 

directions. The similarities between the fluorescence class signatures at both SIO and BF for 
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onshore and offshore winds indicate this classification method is valuable for separating 

fluorescent particle sources at different coastal sites. 

5.4.2 Links between fluorescent particles and local environmental conditions 

 To gain insight into the local sources contributing to the fluorescent particle classes at BF, 

we plotted the fluorescent classes as a function of wind speed and wind direction (Figure 5.3). It 

is clear from these plots that class A particles made up a large fraction (~20 – 30%) of the 

fluorescent particles in winds blowing from the west and thus had a heavy marine influence (Figure 

5.3a). Furthermore, class A particles represented a notable fraction of the fluorescent particles in 

winds blowing from about 270° – 330° (W-NNW) for all wind speeds. With the Tijuana River 

mouth to the northwest of the sampling site, winds from this direction likely contained marine 

aerosols generated from wastewater contaminated seawater. The high fluorescent fraction of class 

A particles, indicating protein-like fluorescence, suggests a prominent source of marine bacteria, 

which have been previously observed in nascent SSA (Santander et al., 2021). Additionally, winds 

from the northwest had moderate fractions of class C particles (~15%), a known indictor of marine 

humic-like substances in SSA (Figure 5.3c) (Santander et al., 2021). Class A and class C particles 

have been previously related to conditions of SSA production in both laboratory (Santander et al., 

2021) and ambient settings (Kawana et al., 2021), suggesting particle populations from the 

northwest at BF were heavily influenced by marine aerosols derived from wastewater 

contaminated SSA.  

 In contrast, both class ABC and class BC made up a large fraction of fluorescent particles 

from the south and the east of the sampling site. Shown in Figure 5.3e and 5.3f, these classes 

account for a higher fraction of fluorescent particles from ~60° (ENE) – 210° (SSW), therefore, 

they are likely an indicator of either terrestrial or anthropogenic sources. Pollens and pollen 
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fragments commonly comprise fluorescent particles in these classes and occasionally fungal spores 

have been observed to fluoresce in these classes (Gosselin et al., 2016; Hernandez et al., 2016; 

Savage et al., 2017; Hughes et al., 2020). Additionally, anthropogenic aerosols such as soot 

containing PAHs can fluoresce in these regions, and therefore may represent the primary source 

of fluorescent particles from these wind directions (Pöhlker et al., 2012; Savage et al., 2017).  

 To determine whether the class ABC and class BC particles were from anthropogenic or 

biological origin, correlations between the EBC concentrations and the fluorescent class fractions 

were calculated and the EBC concentrations were plotted as a function of wind speed and direction 

(Figure 5.4). Figure 5.4a highlights the Pearson correlation coefficients between the different 

fluorescent class fractions and the log10-tranformed EBC concentrations, all of which were 

statistically significant (p-value <0.05). Here, we follow the correlation terminology laid out by 

Dancey and Reidy (2011) where coefficient values from 0.1 – 0.3, 0.4 – 0.6, and 0.7 – 0.9 represent 

weak, moderate, and strong correlations, respectively. 

The fluorescent class fractions for class ABC and class BC showed moderate positive 

correlations with the EBC concentrations, 0.58 and 0.62, respectively (Figure 5.4a). These 

correlations follow the trends observed with the polar plot of the EBC concentrations, where the 

highest concentrations were during the offshore winds (Figure 5.4b). Additionally, the positive 

correlations of class ABC and class BC suggest these particles are predominately anthropogenic 

combustion sources in winds from the south and the east. Previously, Yu et al., (2016) showed 

classes A, AB, and ABC had moderate to strong correlations with anthropogenic sources, but class 

BC showed only a weak correlation. Contrary to the results from Yu et al., we did not observe a 

moderate correlation with the fraction of class A or class AB particles and EBC concentrations. 

This difference indicates the fluorescent molecules in anthropogenic aerosols differed between the 
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two studies, with the fluorescent particles here containing PAHs such as pyrene and phenanthrene, 

which fluoresce strongly in both WIBS channels 2 and 3, and a minor influence from naphthalene 

which fluoresces in channel 1 (Pöhlker et al., 2012; Savage et al., 2017). The complimentary 

aethalometer measurements help confirm the initial conclusions made with the WIBS, that the high 

fractions of particles fluorescent in classes ABC and BC represented predominantly anthropogenic 

sources during offshore winds.  

5.4.3 Relating particle fluorescence to air mass origin 

 Following the information gathered from the WIBS in relation to the environmental factors 

from the meteorological station and aethalometer, we decided to separate out air masses that were 

indicative of both marine and anthropogenic sources to compare their fluorescent and 

morphological particle properties. These categories were separated according to the criteria 

described in the methods section on air mass separation (Section 5.3.3). Here, we will refer to air 

masses at BF that occurred during low EBC concentrations, winds from the northwest, and marine 

origins (based on back trajectories) as “BF Marine” aerosols. Air masses measured at BF during 

conditions of high EBC and winds from the east will be referred to as “BF Continental”. Lastly, 

for the SIO site, which serves as a reference for coastal aerosol containing SSA from non-polluted 

waters, we designate the term “SIO Marine” to represent air masses with low EBC, winds from 

the west, and marine back trajectories.  

 Figure 5.5 displays box-and-whisker plots of the morphological and fluorescent properties 

for the aerosols in each category. The differences between BF Continental and BF Marine are 

apparent based on the fluorescent particle fraction, with median fluorescent particle fractions of 

~20% and ~4% for BF Continental and BF Marine, respectively (Figure 5.5a). Both air masses at 

BF had higher fluorescent particle fractions than SIO Marine which had a median fluorescent 
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fraction of ~2% (Figure 5.5a). The high fluorescent particle fraction of BF Continental, which had 

largely anthropogenic air masses, aligns with previous fluorescence measurements in polluted 

areas (Wei et al., 2016; Yue et al., 2017) and indicates that non-biological fluorescent particles can 

be a significant fluorescent particle source in an urban environment. The lower fluorescent fraction 

of BF Marine more closely compares to SIO Marine air masses, suggesting generally lower 

fluorescent fractions from marine sources compared to terrestrial sources (Gabey et al., 2011; 

Huffman et al., 2012; Perring et al., 2015). Previous studies on the fluorescent fractions of SSA 

report percentages of 0.87% for particles > 0.8 µm, and 1.3%  –  1.6% for particles > 1 µm which 

compare well to the measurements made here, especially those of SIO Marine (Kawana et al., 

2021; Moallemi et al., 2021; Santander et al., 2021). The higher fluorescent fraction measured for 

BF Marine likely resulted from the aerosolization of wastewater from the Tijuana River outflow. 

Wastewater is known to contain high bacterial and fungal concentrations as well as dissolved 

organic material that can contribute to the fluorescent population (Bauer et al., 2002; Tian et al., 

2020). A moderate correlation (0.57) was observed between the fluorescent particle fraction and 

Tijuana River outflow during the BF Marine measurement periods, suggesting increased runoff 

into the coastal ocean led to the higher fluorescent particle fractions (Table 5.2). Additionally, 

during this period of increased outflow, there were rain events (Figure 5.13) which can increase 

SSA production when rain drops impact the ocean surface (Lewis and Schwartz, 2004).  

 In addition to the differences in the fluorescent fraction, the different air masses showed 

variability in particle morphology (Figure 5.5b, 5.5c). BF Continental particles had the smallest 

median optical diameter, with a value of ~1.3 µm. Comparatively, BF Marine particles showed a 

median diameter of ~2 µm and SIO Marine particles had a median diameter of ~1.5 µm. The small 

median diameter associated with BF Continental likely reflects a greater contribution from 
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anthropogenic soot aerosols, which often have submicron diameters (Jones and Harrison, 2004; 

Bond et al., 2013; Savage et al., 2017). The higher median optical diameters of BF Marine and 

SIO Marine suggest bioaerosol emissions from SSA (Santander et al., 2021).  Furthermore, the 

difference between the median diameters of BF Marine and SIO Marine likely results from the 

polluted coastal waters near BF and the increased ejection of microbes, which are known to 

comprise SSA with larger diameters (Santander et al., 2021). While it is possible that the BF 

location was influenced by other sources of fluorescent aerosols with larger diameters such as 

fungal spores, which are common in terrestrial sources (O’Connor et al., 2015; Perring et al., 2015; 

Hernandez et al., 2016), the onshore winds and marine back trajectories suggest these bioaerosols 

originated from marine sources.  

 The fluorescence intensities across all three WIBS channels highlight the compositional 

differences between the three air masses (Figure 5.5e-f). The median fluorescence intensities of 

all three channels were highest for BF Continental air masses likely because PAHs, the fluorescent 

components in combustion aerosols, are known to have high quantum yields and strong 

fluorescence emission (Pöhlker et al., 2012; Savage et al., 2017). In contrast, the two marine air 

masses, BF Marine and SIO Marine, showed similar fluorescence intensities across the three 

channels measured with the WIBS. Notably, BF Marine showed a slightly higher protein-like 

fluorescence intensity in channel 1 compared to SIO Marine suggesting BF Marine had higher 

protein concentrations, common to microbial bioaerosols. Through WIBS fluorescence and 

morphological measurements, the compositional differences between particle populations 

belonging to continental sources as well as polluted and clean marine sources can be distinguished 

from one another.  

5.4.4 Fluorescent class fraction of air masses 
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To better characterize the fluorescent particles from the BF Continental, BF Marine, and 

SIO Marine air masses, we report the fluorescent class profile of each air mass. With this 

classification scheme, a clear separation appears between the different air masses based on the 

fraction of fluorescent particles in each fluorescence class (Figure 5.6). Both BF Marine and SIO 

Marine air masses have a median class A fluorescent fraction of around 0.3 while BF Continental 

has a median class A fraction of around 0.03. Similarly, class C shows comparable median 

fluorescent fractions between BF Marine (0.14) and SIO Marine (0.14) that was much higher than 

the BF Continental aerosols (0.03). The spread of the fluorescent fraction of class C particles in 

BF Marine air masses was much larger than that of SIO Marine, with the 75th percentile extending 

to 0.24. The greater variability likely results from the influence of wastewater runoff into the 

coastal waters at BF and fluctuations in the dissolved organic matter from the input of the Tijuana 

River. A strong Pearson’s correlation coefficient of 0.79 was determined when the Tijuana River 

flow rate was compared to the class C fluorescent fraction for BF Marine air masses. It is possible 

that this increase may have been the result of rainfall during this period and the aerosolization of 

bioaerosols or humic-like substances from rain drops impacting the ocean and land, as previously 

observed (Huffman et al., 2013; Yue et al., 2016). However, the class C particles during this study 

appeared to persist after the rain events, in contrast to the short duration of previous observations. 

This suggests class C particles originated from SSA generated from local waters that remained 

polluted for days following rain events (Figure 5.13). Additionally, due to onshore winds during 

these measurements and proximity to the ocean, the BF site should have been more influence by 

aerosols produced from the ocean compared to aerosols from rain impaction on the land. 

Contrary to the class A and class C fractions, BF Continental showed a much higher 

fluorescent class fraction for class BC and class ABC particles with median values of 0.18 and 
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0.22, respectively. Both BF Marine and SIO Marine have median fluorescent fractions of < 0.05 

in these classes. As previously noted, classes BC and ABC correlated with EBC and showed 

fluorescent properties consistent with anthropogenic combustion sources; therefore, these higher 

fluorescent class fractions would be expected for the continental air masses compared to marine 

air masses. Here, classes A and C were effective at distinguishing marine particle sources, whereas 

classes BC and ABC were effective at identifying continental sources, supporting the initial 

observations made for onshore and offshore winds. Additionally, the strong correlation between 

the Tijuana River outflow and the class C fluorescent fraction measured for BF Marine air masses 

suggests this may be a helpful indicator of wastewater pollution into the coastal ocean.  

5.4.5 Fluorescent class attributions of air masses 

Fluorescent particles measured with the WIBS can be further characterized based on their 

optical diameters. As shown in Figure 5.7, the size distributions of each fluorescence class 

depended on the air mass origin. Notably, for BF Continental, particles in classes BC and ABC 

have a primary mode in the submicron range, highlighting that these particles were predominantly 

derived from anthropogenic combustion sources (Figure 5.7a). This trend follows observations by 

Yu et al. (2016), where combustion-related products with fluorescence in channel 3 showed higher 

correlations with decreasing particle size.  

 BF Marine showed drastically different size distributions across all fluorescent classes 

compared to the BF Continental distributions, highlighting the ability of the WIBS to distinguish 

between these different particle sources (Figure 5.7b). Class A and class B aerosols showed 

bimodal distributions with a mode around 0.8 – 0.9 µm and a second mode between 2 – 3 µm. The 

size modes for these classes reflect those previously measured for marine bacteria and SSA 

particles (Santander et al., 2021). Class C showed a less pronounced supermicron mode compared 
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to class A and class B although a slight increase around 2 µm is noticeable. SSA particles with 

humic-like substances have been shown to fluoresce in class C and comprise smaller particles in 

the SSA population (Santander et al., 2021). Class AB, BC, and ABC showed similar size 

distributions, with a primary mode observed around 3 µm. These fluorescent particle types have 

been previously detected in marine air masses with similar size distributions (Kawana et al., 2021), 

suggesting they represent a common bioaerosol produced in SSA from microbial origin. We note 

that other studies have shown fungal spores and pollen fragments with diameters around 3 µm and 

fluorescence in classes AB, BC, and ABC, however, these bioaerosols would more likely be 

expected in terrestrial air masses (Hernandez et al., 2016). Regardless, these distributions are 

substantially different than those reported for BF Continental air masses, demonstrating how 

fluorescent size distributions can help distinguish marine and continental particle sources.  

The primary mode of classes A and B for SIO Marine had a maximum in the submicron 

range and, unlike BF Marine, only show a slight mode in the distribution around 2 – 3 µm (Figure 

5.7c). This difference is likely due to the high concentrations of microbes present in wastewater 

runoff and therefore the increased ejection of bacteria in SSA from breaking ocean waves near the 

BF site (Bauer et al., 2002; Aller et al., 2005). Fluorescent particles in classes AB, BC, and ABC 

from both BF Marine and SIO Marine show similar size distributions indicative of bioaerosols 

emitted from the ocean into SSA. However, BF Marine showed higher particle counts in these 

classes compared to SIO Marine, suggesting greater microbial emissions in SSA due to wastewater 

runoff into the surf zone. The WIBS is uniquely suited to detect periods of increased microbial 

activity in local emission sources and distinguish between polluted and clean marine sources 

because of its ability to measure single-particle fluorescence and optical diameter. 

5.5 Conclusions 
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 Discriminating between different fluorescent aerosol sources, such as bioaerosols and 

combustion related aerosols, is important for assessing both local health implications and cloud 

interactions. This is especially true for locations such as Imperial Beach, California, where 

wastewater and stormwater runoff can be carried into the coastal waters and aerosolized in SSA 

through breaking waves (Pendergraft et al., 2021). Here, we demonstrate that online fluorescence 

and morphological measurements made using a WIBS can provide meaningful information to 

distinguish marine from continental sources. During this study, we show that classes BC and ABC 

track EBC concentrations, indicating they can be used to assess anthropogenic influences. Air 

masses with substantial fluorescent fractions of class BC and class ABC particles were further 

shown to have high fluorescence intensities and submicron size distributions, highlighting that 

these sources contained combustion related particles with fluorescent PAHs. In comparison, 

marine air masses contained higher fractions of class A and class C fluorescent particles and were 

often comprised of fluorescent particles with larger optical diameters because of their biological 

origin.  

We observed lower overall fluorescent particle fractions in air masses of marine origin 

compared to the periods of continental influence and compared to previous studies of terrestrial 

based fluorescent particles. The low fluorescent fractions measured in ocean-derived particles are 

consistent with previous measurements of SSA (Kawana et al., 2021; Moallemi et al., 2021; 

Santander et al., 2021) and suggest that, in general, a lower fluorescence particle fraction, ≤ ~10% 

with the thresholds used, may be a useful metric for identifying marine air masses in an urban-

coastal environment. However, we show that marine air masses from wastewater polluted coastal 

waters resulted in higher fluorescent particle fractions (6.8 ± 4.6%), often over double those from 

clean coastal waters (2.1 ± 0.071%). Furthermore, the fraction of fluorescent particles increased 
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during periods of wastewater runoff and rain events. Higher concentrations of fluorescent particles 

with size distributions and fluorescent profiles consistent with microbes were observed in marine 

air masses from polluted water sources. Additionally, increased wastewater runoff positively 

correlation with the fraction of class C particles, suggesting runoff may act as a source of humic-

like fluorescent species in coastal waters and SSA. We have shown here that the measurements 

from the WIBS can reliably separate continental, wastewater polluted marine, and clean marine 

air masses in urban-coastal environments. Online fluorescence techniques with real-time 

bioaerosol detection and source apportionment may provide an early-warning system of hazardous 

air conditions for coastal communities. 
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Figure 5.1. Images of the sampling locations. (a) Image of both sampling locations in Southern 

California: (b) the Scripps Institution of Oceanography (SIO) location (purple square), and (c) the 

Border Field location at the US-Mexico border (red square) as well as the Tijuana (TJ) river mouth 

(orange triangle) to show the proximity to a wastewater pollution source.  
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Figure 5.2. Timeseries of the sampling at the Border Field location. Measurements include (a) 6-

hour averages of wind speed (red) and wind direction (blue), and 30-minute averages of the 

following: (b) EBC concentration; (c) fluorescent particle (blue) and total particle (red) 

concentrations; (d) fluorescent particle fraction; (e) fluorescent class fraction. 
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Figure 5.3. Polar plots of the fraction of fluorescent particles belonging to the fluorescent classes 

(a) A, (b) B, (c) C, (d) AB, (e) BC, (f) ABC over 30-minute time periods measured at the Border 

Field location. The fluorescent class fraction is plotted as a function of wind direction (°; 0° N) 

and wind speed (blue concentric circles).  
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Figure 5.4. (a) Pearson correlation coefficients of the different fluorescent class fractions to the 

log10-transformed EBC concentrations measured at the Border Field sampling site. All correlations 

were statistically significant with a p-value < 0.05. (b) Log10-transformed EBC concentrations 

plotted as a function of wind speed (blue concentric circles) and wind direction (°; 0° N) at the 

Border Field sampling site.  
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Figure 5.5. Box and whisker plots of the (a) fluorescent particle fraction, (b) fluorescent particle 

optical diameter, (c) fluorescent particle AF, (d) Ch1 fluorescence intensity, (e) Ch2 fluorescence 

intensity, (f) Ch3 fluorescence intensity for the BF Continental particles, the BF Marine particles, 

and the SIO Marine particles. Each box represents the median value (black line) and the 

interquartile range, while the whiskers indicate the 5th and 95th percentiles and outliers are open 

markers for the average 5-minute air masses corresponding to the different particle types.  
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Figure 5.6. Box plots of the fluorescent class fraction of each fluorescent class for the 3 different 

air masses: BF Continental (yellow), BF Marine (red), and SIO Marine (blue). Each boxplot 

contains the median fluorescent class fraction (black line) along with the interquartile range (box), 

the 5th and 95th percentile (whiskers) and the outliers (open circles).  

 

 

 

 

 

 

 

 

 



 
 

169 

 

Figure 5.7. Size distributions of the different air masses (a) BF Continental, (b) BF Marine, and 

(c) SIO Marine. Shown are the single-particle size distributions of the concentration (#/L) 

normalized to the bin width for the fluorescence classes comprising each air mass. 
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5.8 Supplement  

For the correction method described by Weingartner et al. (2003), two calibration factors 

are introduced, 𝐶 and 𝑅(𝐴𝑇𝑁), to account for the multiple scattering effect of the fiber filters and 

the filter aerosol loading effect, respectively. The correction factor, 𝐶, was set to 2.14 based on the 

derivation by Weingartner et al. (2003) on fresh soot particles and due to the quartz fiber filter 

used in this study (Drinovec et al., 2015). 𝑅(𝐴𝑇𝑁) is described by Eq. 5.5:  

𝑅(𝐴𝑇𝑁) =  (
1

𝑓
− 1) ∙ (

ln(𝐴𝑇𝑁)−ln (10)

ln(50)−ln (10)
) + 1  [5.5] 

Where the parameter, 𝑓, accounts for the error when the loading effect is disregarded. To derive 

𝑓, we minimized the difference between the ratio of 𝑏𝐴𝑇𝑁 values before and after the filter change 

(Sandradewi et al., 2008). For statistical reasons, the average of three 𝑏𝐴𝑇𝑁 values on each side of 

the filter change were used in the derivation. The median 𝑓 values were then fit with a linear 

regression and the linear 𝑓 values were used to derive 𝑅(𝐴𝑇𝑁). The linear 𝑓 values for each 

wavelength were: 𝑓370 =  1.423, 𝑓470 =  1.368, 𝑓520 =  1.342, 𝑓590 =  1.304, 𝑓660 =  1.267, 

𝑓880 =  1.150, 𝑓950 =  1.112. These 𝑓 values follow a common trend of lower values for longer 

wavelengths (Sandradewi et al., 2008; Drinovec et al., 2015; Resquin et al., 2018). For this study, 

the 𝑓 values were derived from the filter changes that occurred at the Border Field sampling 

location because, only at this location, the ATN reach the maximum value (125) and a scheduled 

filter spot change occurred. These values were applied to the data collected at SIO to properly 

account for the loading effect.  

With the correction factors, 𝐶 and 𝑅(𝐴𝑇𝑁), the attenuation coefficient can be converted to 

the absorption coefficient, 𝑏𝑎𝑏𝑠, according to Eq. 5.6: 

𝑏𝑎𝑏𝑠 =
𝑏𝐴𝑇𝑁

𝐶∗𝑅(𝐴𝑇𝑁)
     [5.6] 



 
 

171 

Additionally, the corrected equivalent black carbon mass concentration (𝐸𝐵𝐶) can be calculated 

from the non-corrected equivalent black carbon mass concentration (𝐸𝐵𝐶𝑁𝐶) recorded by the 

aethalometer using the Eq. 5.7: 

𝐸𝐵𝐶 =  
𝐸𝐵𝐶𝑁𝐶

𝑅(𝐴𝑇𝑁)
=  

𝑏𝑎𝑏𝑠

𝜎𝑎𝑏𝑠
 𝑤ℎ𝑒𝑟𝑒 𝜎𝑎𝑏𝑠 =  

𝜎𝐴𝑇𝑁

𝐶
   [5.7] 
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5.9 Supplemental Figures  

 
Figure 5.8. Diagram of the different fluorescence classes defined by Perring et al. (2015) and the 

associated WIBS channels with excitation (Ex) and emission (Em) wavelengths. Included is a 

written description of each class and the fluorescence channels that comprise it.  
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Figure 5.9. 72-hour back trajectories at BF showing the “air parcel” positions in blue and the mean 

positions in black. Included in each plot is the end date and time as well as the percentage of “air 

parcels” with coordinates over the ocean.  
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Figure 5.10. 72-hour back trajectories at SIO showing the “air parcel” positions in blue and the 

mean positions in black. Included in each plot is the end date and time as well as the percentage 

of “air parcels” with coordinates over the ocean.  
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Figure 5.11. Timeseries of the sampling at the SIO location. Measurements include (a) 6-hour 

averages of wind speed (red) and wind direction (blue), and 30-minute averages of the following: 

(b) EBC concentration; (c) fluorescent particle (blue) and total particle (red) concentrations; (d) 

fluorescent fraction; (e) fluorescent class fraction. 
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Figure 5.12. Polar plots of the fraction of fluorescent particles belonging to the fluorescent classes 

(a) A, (b) B, (c) C, (d) AB, (e) BC, (f) ABC over 30-minute time periods measured at the SIO 

location. The fluorescent class fraction is plotted as a function of wind direction (°; 0° N) and wind 

speed (blue concentric circles).  
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Figure 5.13. (a) Rain rate measured with the meteorological station at the BF sampling location. 

(b) Outflow of the Tijuana River at 5-minute intervals throughout the sampling period at BF.  
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5.10 Supplemental Tables  

 

 

Table 5.1. Pearson correlation coefficients between aerosol measurements of BF Continental to 

meteorological variables. Bolded coefficients indicate significance with a p-value < 0.05. 

Fluorescent Class Fraction: RH (%) Temperature (°C) Wind Speed (m/s) 

A 0.223912575 0.311994125 -0.110479226 

B -0.173366169 0.571428372 -0.255889688 

C -0.001281176 -0.101035872 0.037585335 

AB 0.025755285 0.163704889 0.075290978 

AC 0.00628246 0.150603853 0.083386951 

BC -0.062812881 -0.451318622 0.080255004 

ABC 0.144361285 -0.603519977 0.245300181 
    

Particle Characteristics: 
   

Diameter -0.445490097 0.34558695 -0.232120949 

AF -0.617357357 -0.02270965 -0.008913887 

Ch1 Intensity 0.155155387 -0.283820812 0.164806786 

Ch2 Intensity 0.208164904 -0.477132226 0.129379693 

Ch3 Intensity 0.166244282 -0.502219682 0.135740938 
    

NFl -0.12187962 -0.2780541 0.033443887 

NTot 0.107435067 0.240577254 -0.216368089 

Fluorescent Fraction -0.19064348 -0.414006406 0.232467077 
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Table 5.2. Pearson correlation coefficients between aerosol measurements of BF Marine to 

meteorological variables and the Tijuana River outflow. Bolded coefficients indicate significance 

with a p-value < 0.05. 

 

Fluorescent Class 

Fraction: RH (%) Temperature (°C) Wind Speed (m/s) River Flow (m
3
/s) 

A 0.549479103 0.119974546 -0.097014293 -0.501663588 

B -0.219317609 0.505153427 0.009455337 -0.613641602 

C 0.053664436 -0.599001885 0.149237911 0.792289823 

AB -0.253567036 0.363868505 -0.168885531 -0.284805776 

AC 0.023316564 -0.436595212 0.02784487 0.609486087 

BC -0.361649972 -0.185791701 0.053352776 0.482947881 

ABC -0.405430559 -0.082892002 -0.010134003 0.37813505 
 

    

Particle 

Characteristics:     

Diameter -0.279801589 0.453644969 -0.233825173 -0.181103767 

AF -0.56597111 0.7037943 0.039876038 -0.199092139 

Ch1 Intensity -0.081895874 0.260679588 -0.016066367 -0.122861636 

Ch2 Intensity -0.385687661 0.364667482 -0.051322047 -0.214071161 

Ch3 Intensity -0.108778288 -0.379425361 0.068410721 0.506387045 
 

    

NFl 0.015237483 -0.455643378 -0.121222909 0.632509173 

NTot 0.398049263 -0.388097457 -0.258863523 0.151175279 

Fluorescent Fraction -0.314748191 -0.287581998 0.041654959 0.573153927 
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Table 5.3. Pearson correlation coefficients between aerosol measurements of SIO Marine to 

meteorological variables. Bolded coefficients indicate significance with a p-value < 0.05. 

Fluorescent Class Fraction: RH (%) Temperature (°C) Wind Speed (m/s) 

A 0.218784389 -0.158436023 0.196266965 

B 0.04281251 -0.130624714 0.169287614 

C 0.138054874 -0.353811754 0.286103546 

AB -0.348640707 0.433512978 -0.452727373 

AC -0.011991063 -0.038631721 0.012121215 

BC -0.040801878 0.281738755 -0.164991799 

ABC -0.226546584 0.381950923 -0.403703419 
 

   

Particle Characteristics:    
Diameter -0.405559326 0.383284188 -0.414390315 

AF -0.515197183 0.490008229 -0.271378792 

Ch1 Intensity -0.055537266 0.092788788 -0.131864028 

Ch2 Intensity -0.160701215 0.495791818 -0.398720565 

Ch3 Intensity 0.009722235 0.176600765 -0.199005323 
 

   
NFl 0.209905448 -0.25037771 -0.093107609 

NTot 0.308830953 -0.311586969 0.030396647 

Fluorescent Fraction -0.16392928 0.281403046 -0.35089682 
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Chapter 6. Optimization and Application of a Condensation Matrix-Assisted Aerosol 

Time-of-Flight Mass Spectrometer   

6.1 Abstract  

Aerosol time-of-flight mass spectrometry (ATOFMS) is a state-of-the-art, online method 

for measuring the size and chemical composition of single particles in real time. Historically, 

ATOFMS measurements have been limited to particles with diameters greater than ~100 nm due 

to the constraints of optically detecting incoming particles. However, recent development of a 

condensation Matrix Assisted Laser Desorption Ionization (cMALDI) system coupled with 

ATOFMS has enabled the growth of sub-100 nm analyte particles into the size range detected with 

ATOFMS. Here, we characterize several MALDI matrices using the condensation matrix-assisted 

ATOFMS (cMA-ATOFMS) system and optimize detection of sub-100 nm particles by varying 

laser intensities and matrix-to-analyte ratios. Secondary organic aerosol (SOA) particles generated 

from the oxidation of several gaseous precursors in an oxidative flow reactor were sampled as the 

analyte particles in these measurements. Mass spectral signatures associated with the SOA analyte 

were observed using seed particles with diameters as low as 20 nm, indicating the ability to probe 

the composition of particles from nucleation (< 30 nm) to accumulation (> 100 nm) size modes. 

Increased analyte signal and matrix fragmentation were observed with higher laser pulse energy. 

Additionally, analyte signals were optimized relative to matrix signatures using volumetric matrix-

to-analyte ratios around 80-100:1. The cMA-ATOFMS distinguished the chemical composition of 

SOA particles generated from the oxidation of dimethyl sulfide (DMS) from secondary aerosols 

produced via SO2 oxidation by identifying the presence of a 95CH3SO3
- peak, indicative of the 

DMS byproduct methane sulfonic acid. These controlled laboratory experiments highlight the 

capabilities of this novel system for online analysis of ultrafine particles and emphasize the 
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potential to measure the particle mixing state of sub-100 nm aged aerosol populations in an 

ambient environment. 

6.2 Introduction  

Aerosols impact climate directly through scattering and absorbing solar radiation and 

indirectly by seeding clouds and affecting their radiative properties (Pöschl, 2005). Currently, the 

aerosol-cloud interaction remains one of the highest uncertainties in the global radiative budget 

(Boucher et al., 2013). Secondary organic aerosols (SOA), formed from the oxidation of volatile 

organic compounds (VOCs), comprise a significant number of particles and aerosol mass in the 

troposphere (Kroll and Seinfeld, 2008; Hallquist et al., 2009). The influence of SOA on cloud 

formation and global climate is dependent on the size, chemical composition, and concentration 

of these aerosols in the atmosphere (Seinfeld and Pandis, 2016). Therefore, it is important to 

understand the composition and size distribution of SOA released from various sources to better 

predict their impact on cloud radiative properties and global climate.   

Mass spectrometry is an established technique for measuring the chemical composition of 

aerosols, and many instruments using mass spectrometry have been developed to study SOA (Pratt 

and Prather, 2012). A common, commercial mass spectrometer used for SOA detection is the 

aerosol mass spectrometer (AMS), which measures the chemical composition of non-refractory 

aerosols with vacuum aerodynamic diameters (Dva) ranging from 33 nm to 1500 nm (Jayne et al., 

2000; Zhang et al., 2004a; DeCarlo et al., 2006). The AMS measures particle size distributions 

and bulk aerosol mass concentrations of species such as nitrate, sulfate, ammonium, and most 

organics. However, the AMS lacks the ability to measure individual particles, and therefore cannot 

determine particle mixing state.  
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Single-particle mass spectrometry (SPMS) has improved our understanding of atmospheric 

aerosols (Sullivan and Prather, 2005). The aerosol time-of-flight mass spectrometer (ATOFMS), 

a well-known SPMS, measures the vacuum aerodynamic diameter and the chemical composition 

of a single particle in real time (Prather et al., 1994; Gard et al., 1997). The ATOFMS is a mobile 

instrument, capable of measuring aerosols with Dva ranging from 70 nm to 3 µm (Gard et al., 1997; 

Pratt et al., 2009). Unlike the AMS, the ATOFMS also measures refractory particles including 

soot, minerals, and salts using laser desorption and ionization prior to chemical analysis. Due to 

the ability to detect individual particles, the ATOFMS has been used to characterize the chemical 

mixing state as a function of size and source for many different aerosol populations (Pratt et al., 

2009; Gaston et al., 2010; Prather et al., 2013). However, the lower size limit of the ATOFMS has 

been limited by the fact it uses light scattering to detect individual particles. Therefore, it lacks the 

ability to measure SOA formed by nucleation as well as subsequent growth processes, which 

occurs at sizes below 100 nm (Fan et al., 2006).  

Previous techniques to improve the hit rate and detection of small particles using ATOFMS 

include the addition of a matrix assisted laser desorption ionization (MALDI) matrix to an analyte 

solution prior to atomization and detection with the ATOFMS (Spencer et al., 2008; Kleefsman et 

al., 2007, 2008; Mcjimpsey et al., 2008; Whiteakert and Prather, 2003). This technique was further 

expanded to enable in-flight growth of incoming particles using condensation systems containing 

MALDI matrices. These systems, like condensation particle counters (Agarwal and Sem, 1980), 

grow particles through matrix addition using flow cells equipped with liquid or solid matrix 

reservoirs. Stowers et al. (2000) led these efforts by using an evaporation-condensation tube to 

coat matrix onto biological particles prior to single-polarity ATOFMS analysis (Stowers et al., 

2000). Successful detection of antibiotics and bacterial spores was capable using the MALDI 
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matrices 3-nitrobenzyl alcohol, picolinic acid, and sinapinic acid. Subsequent experiments by this 

group achieved matrix addition through sublimation and condensation of a solid matrix onto 

incoming aerosols (van Wuijckhuijse et al., 2005). In this previous study, biological particles were 

grown with condensed ferulic acid (4-hydroxy-3-methoxycinnamic acid) and analyzed with a 

single-polarity ATOFMS. However, both studies used seed particles > 100 nm for their 

measurements. Like other MALDI experiments that target biological species, analysis was focused 

on mass ion markers exceeding 500 Da and avoided lower mass ions due to high background by 

the ionized matrix. Although traditional MALDI studies have focused on small molecule detection 

(Cohen and Gusev, 2002), characterization of molecules in the lower mass-to-charge range has yet 

to be performed with these condensation systems.  

In this study, a recently designed sublimation-condensation system, similar in principle to 

that described by van Wuijckhuijse et al. (2005), was coupled with a dual-polarity ATOFMS to 

detect sub-100 nm aerosols (Li et al., in prep). SOA, generated from the oxidation of select VOCs 

using an oxidative flow reactor (Kang et al., 2007), were size-selected, grown in the sublimation-

condensation system, and analyzed using the ATOFMS. Initial tests to verify the operation of this 

system involved condensation of ferulic acid onto 50 nm dimethyl sulfide (DMS) SOA particles 

prior to chemical analysis with an ATOFMS (Li et al., in prep). Here, the condensation matrix-

assisted aerosol time-of-flight mass spectrometer (cMA-ATOFMS) system was further 

characterized using three different matrices, ferulic acid, 2,4-dihydroxybenzoic acid (2,4-DHB), 

and 1,8-bis(tetramethylguanidino)naphthalene (TMGN), for growth on secondary aerosols formed 

from multiple gaseous precursors including dimethyl sulfide (DMS), sulfur dioxide (SO2), α-

pinene, and toluene. Because the success of MALDI mass spectrometry relies on matrix material, 

matrix-to-analyte ratio, and laser fluence (Zenobi and Knochenmuss, 1998), this novel system was 
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characterized with different matrices, matrix-to-analyte ratios, and laser fluences to determine the 

optimal conditions for measuring the chemical composition of submicron SOA particles in real 

time. The cMA-ATOFMS system allows for real-time adjustment of sample parameters for 

targeted analysis of various analytes. Furthermore, we demonstrate the application of this system 

to detect differences in the secondary aerosol composition generated from the oxidation of 

different sulfur-containing gas mixtures.  

6.3 Methods 

6.3.1 cMA-ATOFMS System and Experimental Setup 

The experimental setup for the cMA-ATOFMS is shown in Figure 6.2. SOA particles were 

generated from the oxidation of volatile organic compounds (VOCs) using an oxidative flow 

reactor (OFR). Following SOA formation, particles were dried through a silica diffusion drier 

(relative humidity < 20%) and size-selected using an Electrostatic Classifier (EC, TSI, Model 

3080) and differential mobility analyzer (DMA, TSI, Model 308100). SOA were neutralized to a 

near steady-state charge distribution using a 34Kr neutralizer and size-selected based on their 

electrical mobility diameter (Fuchs, 1963; Liu and Pui, 1974). Following size selection, analyte 

particles were grown using a custom laminar flow sublimation-condensation system (condenser) 

containing a solid MALDI matrix, as previously described (Li et al., in prep). The condenser 

produces both heterogeneously grown (matrix deposited onto analyte particles) and 

homogeneously nucleated (particle generation from matrix gas-to-particle transition) particles 

during the sublimation-condensation process. Homogeneously nucleated particles are generally in 

a neutral charge state, whereas the heterogeneously grown particles retain a charge from the 

neutralizer. A second DMA (TSI, Model 3082), bypassing the neutralizer, was used after the 

condenser to size select the charged, heterogeneously grown particles. Uncharged, homogenously 
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nucleated particles were not transmitted through the second DMA, thus filtering out these particles 

prior to detection. Additionally, the secondary size selection of heterogeneously grown particles 

maintained a consistent matrix-to-analyte ratio. Here, both DMAs were run in negative mode to 

ensure compatibility. After exiting the second DMA, particles were passed to the ATOFMS for 

chemical analysis. During homogeneous nucleation measurements, which acted as a baseline for 

the heterogeneous growth measurements, the second DMA was bypassed to allow chemical 

analysis of the matrices.  

6.4 Results and Discussion 

6.4.1 Evaluation of Matrices 

 Three matrices, ferulic acid, 2,4-DHB, and TMGN, were separately used in the condenser 

to induce particle growth and assist in stronger laser absorption and ionization of the analyte 

particles. The ability of each of these matrices to condense on KCl seed particles was previously 

characterized and growth curves were analyzed (Li et al., in prep.). Growth curves of these 

matrices onto SOA generated in the OFR represented those of KCl seeds (Figures 6.9, 6.10, 6.11) 

suggesting these techniques are applicable to many different analyte sources.  

 To compare the chemical signatures of the different matrices using a common analyte, 50 

nm particles of DMS SOA were generated in the OFR and size selected with the first DMA. This 

particle diameter falls below the typical detection limit of the ATOFMS, however, growth with 

each of the matrices using the condenser system resulted in final particle vacuum aerodynamic 

diameters between 400 and 600 nm which were easily detected and hit with the ATOFMS (Pratt 

et al., 2009).  

 Figure 6.3 shows the representative dual-polarity mass spectra of 50 nm DMS SOA grown 

with each matrix. Within each spectrum, signatures of the MALDI matrix and the matrix 
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fragmentation products are distinct and were confirmed by measuring homogenously nucleated 

particles (Figure 6.12). For 2,4-DHB, major matrix ion peaks include the molecular ion peak at 

154M+, the protonated molecular ion peak at 155[M+H]+, the deprotonated matrix, 153[M-H]-, the 

protonated matrix with the loss of a water, 137[M+H-H2O]+, and the deprotonated matrix with the 

loss of a water, 135[M-H-H2O]- (Figure 6.3a). In addition to these peaks, a major fragmentation 

product appears at m/z +85. The molecular ion marker and protonated molecular ion as a well as 

the peak at m/z +137 have been previously observed when using ATOFMS to analyze DHB 

(Morrical et al., 1998; Wenzel and Prather, 2004; Zhou et al., 2013).  

When ferulic acid was used as the matrix, the main peaks associated with the matrix 

included the molecular ion peak, 194[M]+, the protonated (195[M+H]+) and deprotonated molecular 

ions (193[M-H]-), and the markers 178[M-H-CH3]
- and 177[M+H-H2O]+ (Figure 6.3b). Additional 

high intensity peaks include those from the fragmentation of the matrix at m/z +46 and -135, and 

the presence of a matrix dimer at m/z -386, corresponding to 386[M-H]2
-. The protonated molecular 

ion peak (195[M+H]+) and the ion formed from the subsequent loss of water (177[M+H-H2O]+) agree 

with ion markers previously reported for another system utilizing laser desorption and ionization 

of vapor deposited ferulic acid (Kim et al., 1998). The presence of molecular ion peaks in the mass 

spectra for 2,4-DHB and ferulic acid likely resulted from a primary ionization mechanism, such as 

energy pooling, which is common with MALDI matrices (Zenobi and Knochenmuss, 1998).  

Finally, for TMGN, the major peaks that corresponded to the matrix were 355[M+H]+, 

46[NO2]
-, 62[NO3]

- and m/z +85, +311, and -125 (Figure 6.3c). Although TMGN is considered a 

proton-sponge and therefore should only represent positive ions in the mass spectra (Raab et al., 

2002), it is clear from the negative mass peaks that desorption and ionization with this system 

results in fragmentation of the matrix (Figure 6.12). Additionally, due to the nitrogen species 
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within TMGN and appearance of 46[NO2]
- and 62[NO3]

-, care should be taken when using this 

matrix to analyze particles, especially SOA, that may have reacted with NOx. Nonetheless, the 

protonated molecular ion peak, which has been previously observed (Cao et al., 2011), suggests 

this matrix is a viable candidate for deprotonation of analyte particles.  

Notably, in each of these spectra, the analyte signal was clear amongst the matrix peaks, 

suggesting successful growth and ionization of the target particles (Figure 6.3). Each spectrum 

showed a distinct peak at m/z -97 corresponding to 97[HSO4]
- and suggestive of sulfuric acid 

formation, a known secondary aerosol product following the oxidation of DMS (Barnes et al., 

2006; Hopkins et al., 2008). The ATOFMS has been previously used to measure marine, sulfur-

containing aerosols which often show a dominant 97[HSO4]
- peak, thus supporting the conclusion 

that DMS was oxidized in the OFR to sulfuric acid (Gaston et al., 2010). 

6.4.2 Influence of Laser Power  

 To further optimize the new cMA-ATOFMS system and increase the intensity of the 

analyte peaks compared to those of the matrix, we systematically varied the pulse energy of the 

desorption/ionization laser. Figure 6.4 displays the mass spectra of 100 nm SOA particles produced 

from the oxidation of α-pinene and SO2 gas in the OFR and grown to Dva ~500 nm using ferulic 

acid in the sublimation-condensation system. Particles were analyzed with the ATOFMS using 

average laser energies of approximately 200, 500, or 900 µJ. Sulfur dioxide gas was originally 

added to serve as an acidic seed and promote aerosol formation within the OFR (Zhao et al., 2021). 

However, SO2 oxidation products acted as the main analytes in this experiment because SOA 

produced from the oxidation of α-pinene alone resulted in mass ion signatures that were 

indistinguishable from the organic fragments produced by ferulic acid.  
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The mass spectra presented in Figure 6.4 represent an average of all particles with dual 

polarity spectra in each respective dataset. Ionization at higher laser energy levels resulted in 

increased total positive ion intensities (TPII; i.e., the sum of all positive ion peaks from 0 to 500 

m/z) (Figure 6.13) (Zelenyuk et al., 2008). At each laser energy, peaks associated with the ferulic 

acid matrix and the analyte seed are present. With increasing laser energy, higher mass peaks (> 

±100 m/z) associated with the matrix decreased in intensity while lower mass peaks (< ±100 m/z) 

increased. These results suggest a higher degree of fragmentation of the matrix which is typical 

for laser desorption/ionization analysis of organic species using high laser energy (Noble et al., 

1998; Silva et al., 1999). The fragmentation products from ferulic acid include hydrocarbon peaks 

from positive ions such as C+, C2H3
+, C3H3

+, C4H2
+ and the negative ions C2H

-, C3H5
-, and C5H2

-. 

Notables across all laser energies are the dominant intensities of the ion peaks attributed to the 

formation of sulfate species, 80SO3
- and 97HSO4

-, following the oxidation of SO2 gas in the OFR. 

The observations from the laser energy tests suggest that higher laser energies will help eliminate 

the higher mass peaks in the mass spectra at the potential cost of increased fragmentation and more 

matrix ions in the lower mass region.  

To minimize matrix fragmentation and ensure less interference in the lower mass region, 

mass spectra with low TPII can be selected in FATES (Sultana et al., 2017b). Previous studies 

have demonstrated that TPII is an indicator of desorption and ionization, thus selecting for lower 

TPII ensures these processes are minimized (Sultana et al., 2017a; Zelenyuk et al., 2008). When 

mass spectra of SOA generated from α-pinene and SO2 were selected for low TPII values at each 

laser energy tested in Figure 6.4, clear matrix peaks were observed with significantly less 

fragmentation and in addition to a prominent 97HSO4
- peak (Figure 6.14). Classification based on 

TPII may be a valuable method for future data analysis of the cMA-ATOFMS when analyzing 
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larger analyte particles (100 nm or above) or particles with low mass peaks that might overlap with 

matrix fragmentation.  

To probe the impact of laser energy on the analyte signal of seed particles with diameters 

below 100 nm, tests were performed on 20 nm DMS SOA condensed with TMGN. Particles were 

desorbed and ionized using laser energies of approximately 100, 250, and 500 µJ (Figure 6.5). 

Like results from α-pinene and SO2, as the laser energy increased, higher mass matrix peaks 

decreased along with a simultaneous increase in both the intensity and number of lower mass, 

fragmentation peaks. All spectra show the presence of the analyte particle at 97HSO4
-
 and 

95CH3SO3
-, which are known products of DMS oxidation (Gaston et al., 2010; Ayers and Gillett, 

2000). Unlike the 100 nm α-pinene and SO2 particles which consistently showed intense analyte 

peaks, the 20 nm DMS particles show an increase in the relative peak area of the analyte signal 

with increased laser energies. At the highest laser energy tested (500 µJ), the relative peak area of 

the analyte (at m/z -97) was an order of magnitude higher than that at the lowest laser energy (100 

µJ). These results agree with previous aerosol MALDI studies that found stronger analyte signals 

at higher laser pulse energies (van Wuijckhuijse et al., 2005; Murray and Russell, 1994), and 

suggest incomplete desorption and ionization of the analyte particle at low laser energies. Based 

on these tests, higher laser energies should be used when analyzing small particles (< 100 nm) to 

ensure full desorption and ionization of the analyte.  

6.4.3 Effect of Matrix-to-Analyte Ratio 

The effect of matrix growth on resulting mass spectra was observed with different matrix-

to-analyte ratios throughout several experiments. To ensure consistency between the electrical 

mobility diameter, Dm, measured with the DMA (size-selecting the SOA), and the vacuum 
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aerodynamic diameter, Dva, measured with the ATOFMS, we converted from Dva to Dm using 

Equation 6.1: 

𝐷𝑚 =
𝐷𝑣𝑎𝒳𝜌0

𝜌𝑝
      [6.1] 

Where 𝒳 is the dynamic shape factor, assumed to be 1 for spherical particles, 𝜌0 is the standard 

density of a sphere (1 g/cm3), and 𝜌𝑝 is the particle density assumed to be the density of the matrix 

(DeCarlo et al., 2004). The conversion of the vacuum aerodynamic diameter sizes measured with 

the ATOFMS to the electrical mobility diameter is provided in Figure 6.15. The volume of the 

analyte particle was calculated assuming the volume of a sphere using the Dm measured with the 

DMA. The volume of the matrix was then calculated by finding the volume of a sphere using the 

Dm derived from the converted ATOFMS measurements and subtracting the volume of the seed 

particle. For the first tests, 100 nm SOA seed particles produced from the oxidation of toluene and 

SO2 were grown to 350 and 400 nm, and 50 nm seed particles were grown to 400 nm using ferulic 

acid (all values reflect electromobility diameter). This resulted in a volumetric matrix-to-analyte 

ratio of approximately 50:1, 80:1, and 650:1, respectively. Assuming the density of sulfuric acid 

(1.83 g/cm3) for the analyte seed (because this was the dominant peak) and the density of the 

matrix, ferulic acid (1.32 g/cm3), the calculated molar matrix-to-analyte ratios for each dataset 

were around 20:1, 40:1, and 230:1, respectively. Figure 6.6 shows the mass spectra generated for 

particles pertaining to each of these matrix-to-analyte ratios. Like the laser power tests, the 

predominant analyte peaks in these tests were from the oxidation of SO2, likely due to overlap of 

toluene oxidation products with matrix fragmentation peaks. Throughout these tests, the 

desorption/ionization laser pulse energy was 500 µJ.  

The spectra related to particles with a molar matrix-to-analyte ratio of 20:1 show the 

highest degree of matrix interference between m/z 0–100 in both positive and negative polarity. 
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Additionally, the spectra of particles with a molar matrix-to-analyte ratio of 230:1 show some 

fragmentation peaks in the lower mass positive polarity as well as high intensity matrix peaks at 

m/z -178 and -135. Based on these results, to minimize matrix peaks relative the analyte peaks 

(97HSO4- in this case), in-flight growth and ionization are optimized with a molar matrix-to-analyte 

ratio around 50:1. This ratio is in line with those previously reported for aerosol MALDI analysis 

(Zhou et al., 2013; Murray and Russell, 1994; Beeson et al., 1995). The matrix-to-analyte ratios 

required for aerosol MALDI is known to be much lower than those required for traditional surface 

MALDI, with ratios of 102–104:1, because of fast matrix crystallization in the aerosol phase and 

contact between the matrix and analyte (Murray and Russell, 1994; Beeson et al., 1995). These 

results suggest that condensation MALDI achieves similar interactions between the matrix and 

analyte particles, and thus requires minimal quantities of matrix to perform effectively. 

Minimizing excess matrix consumption is important for both operator safety and ensuring a 

sustainable, cost-efficient system. 

 The matrix-to-analyte ratio was further analyzed using DMS SOA particles that were 

condensed with TMGN. For these measurements, a clear increase in the analyte signature was 

observed with lower matrix-to-analyte ratios (Figure 6.7). DMS SOA particles were size selected 

at 20, 35, and 50 nm and grown through the condenser to Dm = 400–500 nm. This resulted in 

volumetric matrix-to-analyte ratios of approximately 104:1, 3000:1, and 1500:1 and molar matrix-

to-analyte ratios (assuming the density of sulfuric acid) of approximately 2500:1, 500:1, and 170:1 

for the 20, 35, and 50 nm particles, respectively. The particles were desorbed and ionized with a 

laser energy of ~100 µJ. At this low laser energy, the analyte signature shows a clear increase with 

decreasing matrix-to-analyte ratios, potentially because of higher analyte desorption and 

ionization. Although typical MALDI measurements report molar matrix-to-analyte ratios, when 
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analyzing an unknown particle source, this knowledge may not be readily available. Therefore, we 

propose using volumetric matrix-to-analyte ratios for this system to provide a method that is easily 

computed in a field environment. Based on the results from the two experiments, lower volumetric 

matrix-to-analyte ratios are preferred for higher analyte signal, with an optimal ratio of 80–100:1 

when using higher laser energies (500 µJ).  

6.4.4 Distinguishing Between Secondary Aerosol Sources 

 We assessed the ability of the cMA-ATOFMS to discriminate between secondary aerosols 

generated from different sources of sulfur: SO2 which typically represents an anthropogenic source 

of inorganic sulfur (Smith et al., 2001), and DMS which is commonly produced from biogenic 

species and represents an organic source of atmospheric sulfur (Charlson et al., 1987; Bates et al., 

1992). Secondary aerosols generated from SO2 with electromobility diameters of 50 nm were 

grown using TMGN to a final Dva = 300 nm, while 50 nm seeds originated from DMS SOA were 

grown with TMGN to Dva = 450 nm. The laser was operated at a pulse energy of 500 µJ for both 

tests.  

Both analytes showed the clear formation of sulfate species in the OFR, with peaks at 

80SO3
- and 97HSO4

-. Nearly all (95%) of the particles formed from the oxidation of SO2 contained 

97HSO4
- (Figure 6.8). Almost half of the particles containing 97HSO4

-
 from SO2 oxidation had a 

relative peak area between 0.15 and 0.5, indicating this was a major ion marker in these particles. 

This contrasts with the DMS oxidation products where only ~50% of particles showed 97HSO4
-, 

and 40% of those particles had a relative peak area between 0.01 and 0.05 for 97HSO4
-. For particles 

in both datasets, the relative peak area of 80SO3
-
 was below 0.02, however, 84% of particles from 

DMS oxidation contained this signature compared to 52% of particles from SO2. Only the DMS 

SOA showed a mass peak indicative of MSA formation in the OFR at 95CH3SO3
-. MSA was 



 
 

201 

measured in 93% of DMS SOA particles, with 76% of them having a relative peak area of 0.02–

0.05 at this mass. MSA is a common product of DMS oxidation (Gaston et al., 2010), and will not 

form from SO2. Therefore, the cMA-ATOFMS system, with its chemical analysis of secondary 

aerosols, represents a novel method to potentially distinguish between biogenic and anthropogenic 

sulfur sources in an ambient environment.  

6.5 Conclusions 

 Here, we described the characterization, optimization, and application of a newly 

developed dual-polarity condensation matrix-assisted aerosol time-of-flight mass spectrometer 

(cMA-ATOFMS). Ferulic acid, 2,4-DHB, and TMGN were all analyzed as potential matrices for 

the growth and detection of oxidized aerosols with this system. TMGN, a matrix recently 

developed for small molecule analysis, consistently showed the least interference in negative mass 

spectra of analytes. The low sublimation temperature (excluding the need for recirculating water) 

makes TMGN a favorable matrix for future studies, though the presence of nitrogen containing 

species in the mass spectra may complicate use of TMGN for common atmospheric sampling. The 

highest analyte signatures were observed with laser energies around 500 µJ and volumetric matrix-

to-analyte ratios of ~100:1. The cMA-ATOFMS system was shown to detect analyte signatures in 

SOA particles as small as 20 nm and distinguish between secondary aerosols generated from 

inorganic and organic sulfur containing species. Future improvements to this system will include 

the incorporation of a desorption/ionization laser with an even beam profile for better mass spectral 

consistency and enhanced control of desorption/ionization at low laser energies (Murray, 2021; 

Wenzel and Prather, 2004). Additionally, future directions will focus on expanding detection of 

small molecule organic species through new matrices, exploring lower matrix-to-analyte ratios, 

and matrix mixing (Cohen and Gusev, 2002; Guo and He, 2007).  
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 The cMA-ATOFMS system represents a novel method for the direct analysis of single-

particles with diameters below 100 nm. With this system, the particle mixing state of submicron 

aerosol populations can be measured, allowing for better predictions of aerosol-cloud interactions, 

and improving global climate modeling. Additionally, future applications of this system include 

the detection of biological aerosols in real time. Online detection and chemical analysis of small 

biological molecules, such as airborne viruses and bacteria, can expand our understanding of 

pathogen exposure and the influence of biological aerosols on the environment.  
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6.7 Figures 

 

 

Figure 6.1. Graphical abstract.   

 

 

 

Figure 6.2. Schematic of the experimental setup showing new particle formation in the OFR from 

controlled gases followed by the tandem differential mobility analyzer system to isolate select 

particle sizes for growth in the matrix condenser and elimination of homogeneously nucleated 

particles before transport to the ATOMFS.  
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Figure 6.3. Average mass spectra of the chemical composition of 50 nm DMS SOA analyte 

particles after condensation with the MALDI matrix 2,4-DHB (a), ferulic acid (b), or TMGN (c). 
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Figure 6.4. Representative mass spectra of the 100 nm SOA particles derived from oxidizing α-

pinene and SO2 together. Particles were condensed with ferulic acid and ionized using average 

laser energies of 200 (a), 500 (b), and 900 µJ (c). 

 

 

 
Figure 6.5. Representative mass spectra of the 20 nm DMS SOA particles condensed with TMGN 

and ionized using the laser powers of 100 (a), 250 (b), and 500 µJ (c).  
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Figure 6.6. Mass spectra showing the effect of varying the molar matrix-to-analyte ratio from 20:1 

(a), 40:1 (b), and 230:1 (c) for mixed toluene and SO2 SOA analyte particles using ferulic acid as 

the MALDI matrix. 

 

 

 
Figure 6.7. Mass spectra of the molar matrix-to-analyte ratio of 2500:1 (a), 500:1 (b), and 170:1 

(c) for SOA particles derived from DMS oxidation and condensed with TMGN. All spectra were 

pre-selected for those containing presence of the analyte.  
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Figure 6.8. Fraction of particles with sulfur containing mass ion markers along with the relative 

peak area of these markers for secondary aerosols formed from the oxidation of SO2 (a) and DMS 

(b). 
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6.8 Supporting Information 

6.8.1 Secondary Organic Aerosol Formation 

Permeation tubes (Metronics Dynacal) containing different volatile organic compounds 

(VOCs) were heated in a custom heating block at the temperatures recommend by the supplier. 

The VOCs chosen for this experiment were dimethyl sulfide (DMS), toluene, and α-pinene. They 

were heated at 30°C, 60°C, and 30°C, respectively, resulting in a permeation rate of 175 ng/min, 

47 ng/min, and 345 ng/min. Zero-air (Sabio, Model 1001) flowed over the permeation tubes at a 

rate of 0.5 liters per minute (LPM) and a makeup flow of zero-air was added to reach a total flow 

of 5 LPM through a potential aerosol mass oxidative flow reactor (OFR, Aerodyne Research, Inc). 

The final concentrations of each VOC through the OFR were 0.0138 parts per million (ppm), 

0.0025 ppm, and 0.0124 ppm, respectively.  

Detailed descriptions of the OFR have been previously published (Kang et al., 2007; 

Lambe et al., 2011; Mayer et al., 2020). Briefly, the OFR can be used to simulate multiple days of 

atmospheric aging by generating high concentrations of ozone and hydroxyl radical (OH) which 

cause oxidation and heterogenous reactions. SOA formation occurs when the oxidized products of 

VOCs condense to form a new particle (nucleation) or condense onto a preexisting aerosol (Pandis 

et al., 1992). For this experiment, SOA generated in the OFR were formed through nucleation 

because particle-free air was used. SOA size distributions for each of the VOC sources as well as 

the addition of SO2 with toluene and α-pinene are shown in Figure 6.16.  

The OFR in this study was run in 185 nm mode, in which both 185 nm and 254 nm lamps 

are used to generate ozone and OH. OH exposure at a specific lamp voltage is determined from 

the loss of carbon monoxide, which has a known reaction rate with OH (Chen and Marcus, 2006), 

measured with a CO analyzer (APMA-370, Horiba Ltd.). A calibration curve of the lamp voltage 
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and OH concentration was generated and OH exposure was further converted to days of equivalent 

aging based on ambient OH concentrations (1.0 × 106 molec·cm-3) (Figure 6.17) (Wolfe et al., 

2019). Here, the lamp voltage was set to simulate ~1.87 days of equivalent aging in the OFR.  

6.8.2 Laminar Flow Matrix Sublimation-Condensation 

To achieve in-flight growth of sub-100 nm particles, a laminar flow matrix sublimation-

condensation system was applied. This system, referred herein as the “condenser”, has been 

previously described in detail (Li et al., in prep). Briefly, a stainless-steel tube was filled with a 

bed of solid matrix material and heated between 80-140°C using heating tape (BriskHeat, 

Columbus, OH, USA) to sublimate the matrix and create a matrix vapor-saturated region (the 

sublimation region). The second half of the condenser was cooled with circulating ice water around 

the surface walls, facilitating matrix supersaturation and condensation onto passing particles (the 

condenser region). Homogeneous nucleation of matrix particles also occurred in the system as a 

byproduct, as quantified by Li et al. (in prep). Ferulic acid, 2,4-DHB, and TMGN were chosen as 

matrices in this experiment due to their low melting temperatures and minimal toxicity. TMGN 

has a lower melting point than the other matrices, and a lower temperature gradient for 

condensation to occur, so it was used without ice water cooling to minimize homogeneous 

nucleation. SOA particles, flowing at ~0.25 LPM, were grown via condensation of the MALDI 

matrix to sizes detectable with the ATOFMS. 

6.8.3 Size Distribution Measurements 

The final size of heterogeneously grown particles depends on the temperature of the 

condenser, aerosol number concentrations, and the particle flow rate (Stowers et al., 2000). A 

scanning mobility particle sizer (SMPS) was used measure the particle size distributions before 

and after the sublimation-condensation system and observe the growth rates of particles at different 
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temperatures and with different matrices. The SMPS utilizes an electrostatic classifier and DMA 

(TSI, Model 3082), for particle size selection based on electrical mobility diameter, followed by 

particle detection via a condensation particle counter (CPC, TSI, Model 3787).  

6.8.4 Measurements of SOA Composition using ATOFMS 

The vacuum aerodynamic diameter and chemical composition of particles exiting the 

condenser were measured using an aerosol time-of-flight mass spectrometer (ATOFMS). This 

instrument has been thoroughly described in previous publications (Gard et al., 1997; Pratt et al., 

2009). In brief, single particles pass through a Po-210 neutralizer prior to entering an aerodynamic 

lens that collimates the particle stream (Liu et al., 1995b, a; Zhang et al., 2002, 2004b). Particles 

are then optically detected upon scattering light from two, 532 nm continuous-wave lasers (JDSU, 

Model 21011871-200). The velocity of each particle is determined based on the time passed 

between the scattering signals of both lasers. The vacuum aerodynamic diameter is calculated 

using a calibration with polystyrene latex spheres of known diameters. The ATOFMS used in this 

study detects particles with diameters between 100 – 1000 nm with the peak detection efficiency 

between ~250 – 500 nm (Pratt et al., 2009). The scattering information is also used to trigger a Q-

switched pulsed 266 nm, Nd:YAG laser (CFR200, Lumibird), with laser energies systematically 

varied between 0.1 – 1 mJ, a ~0.45 mm spot size, and 8 ns pulse width, that desorbs and ionizes 

incoming particles. Once ablated and ionized, positive and negative ion mass spectra for each 

particle are collected using a dual polarity reflectron time-of-flight mass spectrometer.  

The mass spectra and sizing information generated by the ATOFMS were analyzed using 

the flexible analysis toolkit for the exploration of single-particle mass spectrometer data (FATES)  

software package within MATLAB (The MathWorks, Inc.) (Sultana et al., 2017b). Datasets were 

inspected visually using a graphical interface to remove any single-polarity particles. All spectra 
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presented in the manuscript are an average of dual polarity particles to help eliminate noise. A 

short discussion is provided in Section 6.8.5 detailing the selection of particles for figures shown 

throughout this paper. Peaks were assigned based on the most likely ion responsible for a mass-

to-charge ratio (m/z) considering the analyte and matrix material.  

6.8.5 Mass Spectral Data Analysis  

This section describes the process of analyzing the various mass spectra shown throughout 

this manuscript. The FATES package in MATLAB was used to process all the ATOFMS data. 

First, each dataset was visually inspected in guiFATES, a graphical user interface within FATES, 

to remove single polarity spectra. Therefore, all spectra analyzed in this study contain ions from 

both positive and negative polarity.  

For the homogeneous nucleation analysis (Figure 6.12) and the heterogeneous growth of 

DMS (Figure 6.3), particles were further selected based on their total positive ion intensity (TPII). 

TPII is an indication of the extent of desorption and ionization calculated based on the sum of all 

positive ion signals from 0-500 m/z. Due to the Gaussian beam profile of the desorption/ionization 

laser, TPII can be valuable for understanding the laser fluence experienced by a particle. Particle 

mass spectra with lower TPII (compared to the rest of the dataset) showed the least interference 

from fragmentation of the matrix between 0 and +/- 100 m/z, therefore the spectra for Figure 6.12 

and Figure 6.3 were selected for low TPII values to best observe the matrix and analyte peaks. 

However, for Figures 6.4–6.7, all dual polarity particles were averaged (regardless of TPII) to 

properly show the effects of laser power and matrix-to-analyte ratio on the resulting spectra. 
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6.9 Supplemental Figures 

 

 

 
Figure 6.9. Normalized size distributions showing heterogeneous growth using 2,4-DHB. 35 nm 

seeds of SOA produced from α-pinene (green) and toluene (blue), individually, were grown at 

140°C and resulted in peak concentrations at 332 nm and 309 nm, respectively. 

 

 

 
Figure 6.10. Normalized size distributions showing homogeneous nucleation (pink) and 

heterogeneous growth (dark purple, magenta) of ferulic acid. Homogeneous nucleation of the 

matrix was measured at 130°C (pink) producing a peak concentration at 148 nm. DMS SOA 

particles with diameters of 50 nm were heterogeneously grown at 135°C (dark purple) and 150°C 

(magenta) producing peak concentrations of 320 nm and 490 nm, respectively. Minor 

homogeneous nucleation modes were observed around 130 nm along with the heterogeneous 

growth at both temperatures. 
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Figure 6.11. Normalized size distributions showing heterogeneous growth using TMGN. The 

SOA generated from an oxidized mixture of DMS, α-pinene, and toluene was size selected at 35 

nm heterogeneously grown at 100°C (tan) and 120°C (brown). These growth profiles have peak 

concentrations at 164 nm and 607 nm, respectively.  

 

 

 

 

 
Figure 6.12. Representative mass spectra of homogeneously nucleated particles generated with 

2,4-DHB (a), ferulic acid (b), and TMGN (c). The peaks are assigned to the most likely ion 

occurring at a mass-to-charge ratio. 
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Figure 6.13. Distributions of total positive ion intensity (TPII) for spectra generated with average 

laser powers of approximately 200, 500, or 900 µJ.  

 

 

 

 

 

 

 
Figure 6.14. Representative mass spectra, pre-selected for low TPII values, of the 100 nm aerosols 

particles derived from α-pinene and SO2 mixed coated with ferulic acid and ionized using the laser 

powers: ~200 (a), 500 (b), and 900 µJ (c).  
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Figure 6.15. Size distributions showing the conversion of the vacuum aerodynamic diameter (Dva) 

recorded by the ATOFMS (a), to the equivalent electromobility diameter, Dm (b).  

 

 

 

 
Figure 6.16. Size distributions of the secondary organic aerosols produced in the OFR of DMS 

(a), α-pinene (b), and toluene (c). These VOCs produce a Gaussian-like distributed SOA profile 

with the highest concentration of particles occurring at 35 nm, 92 nm, and 35 nm respectively. α-

pinene and toluene were also measured with the addition of SO2, and those peaks occur at 75 nm 

and 66 nm, respectively.  
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Figure 6.17. Calibration of the OFR performed to determine the days of equivalent atmospheric 

aging as a function of OH exposure. Lamp voltage was set to 1.7V for all experiments, resulting 

in ~1.87 days of equivalent aging imposed on particles inside the chamber. 

 

 
Figure 6.18. Representative mass spectra of the chemical composition of a single 50 nm DMS 

SOA analyte particle after condensation with the MALDI matrix 2,4 DHB (a), ferulic acid (b), or 

TMGN (c).   
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Chapter 7. Conclusions 

7.1 Synopsis  

This dissertation investigates the detection of biological aerosols (bioaerosols) released in 

marine environments and the impact of these particles on clouds and climate. Chapter 2 describes 

the influence of supermicron-size sea spray aerosol (SSA) particles on ice nucleating particle (INP) 

concentrations released in marine systems. Chapter 3 demonstrates the use of single-particle 

fluorescence-based techniques to measure the composition and distribution of bioaerosols released 

in nascent SSA. Chapter 4 examines the effects of atmospheric aging on the fluorescence 

composition of SSA in an isolated ocean-atmosphere system. Chapter 5 describes online 

fluorescence measurements to distinguish marine and continental particles sources in an urban-

coastal environment. Finally, Chapter 6 uses a novel single-particle system to measure the 

chemical composition of sub-100 nm secondary organic aerosols (SOA) produced from biogenic 

volatile organic compounds.  

7.2 Conclusions 

7.2.1 Importance of supermicron ice nucleating particles in nascent sea spray 

Chapter 2 investigated the size-dependent influence of SSA on INP concentrations 

measured from a marine environment. Previous reports and modeling studies have placed a 

significant emphasis on the ice nucleating ability of submicron SSA (Burrows et al., 2013; Wilson 

et al., 2015; Huang et al., 2018; Vergara-Temprado et al., 2017) because organics are enriched in 

submicron SSA particles. However, field measurements have proposed that supermicron SSA may 

play an important role acting as INPs (Creamean et al., 2019; Ladino et al., 2019; Mason et al., 

2015, 2016; McCluskey et al., 2018a, b; Si et al., 2018). In this study, supermicron SSA particles 
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were the dominant source of INPs at warm temperatures throughout all phases of a phytoplankton 

bloom, suggesting these particles are the primary source of INPs in the marine environment. 

Additionally, the ice nucleating efficiency of each size population was investigated by 

analyzing the active site density and volume site density. It was shown that the concentration of 

INP active sites in SSA scaled with particle volume. While most studies investigate the surface-

area normalized INP concentration (McCluskey et al., 2019; Niemand et al., 2012; DeMott et al., 

2016), here, we found the volume normalized INP concentration showed comparable values 

between the submicron and total SSA particle populations. Thus, unlike dust particles which are 

often solid, the hydrated nature of nascent SSA allows for ice nucleating active sites in the interior 

of the particle. The results from this study enabled a new parameterization relating INP 

concentrations to SSA particle volume, which can be used in global climate models to better 

represent the impact of SSA on cloud processes and the global radiative balance. 

7.2.2 Tandem fluorescence measurements of organic matter and bacteria released 

in sea spray aerosols 

To investigate the release of bioaerosols in SSA, Chapter 3 focused on the detection of 

fluorescent SSA generated from natural seawater. Online SSA measurements were made using the 

WIBS in tandem with offline aerosol measurements with EEMS. Both fluorescence techniques 

recorded similar trends in SSA fluorescence intensities over the course of a phytoplankton 

mesocosm bloom, confirming the use of the WIBS to accurately detect fluorescent bioaerosols 

released in SSA. Additionally, EEMS of the bulk solution showed the fluorescence signature of 

SSA significantly differs from the bulk fluorescence profile, suggesting selective transfer and 

enrichment of certain fluorescent species into SSA.  
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Using the WIBS, size distributions of fluorescent, nascent SSA showed, for the first time, 

unique size profiles depending on the particle fluorescence signature. Particles with protein-like 

fluorescence in channel 1 (ex/em: 280 nm / 300–420 nm) had a primary size mode around 2–3 µm, 

suggestive of microbes such as marine bacteria, whereas particles fluorescent in channel 3 (ex/em: 

370 nm / 420–650 nm) showed a dominant submicron mode, suggestive of dissolved HULIS 

(Benner et al., 1992). Additionally, marine bacteria aerosolized with a breaking wave proxy 

showed a similar protein-like fluorescence and size mode matching that of nascent SSA. This study 

was the first to definitively identify the fluorescence signature of marine bacteria in an aerosol and 

demonstrate the use of fluorescence techniques to measure the emission of bioaerosols in SSA.  

7.2.3 Single-particle fluorescence properties of oxidized sea spray aerosol 

In the ambient environment, nascent SSA particles undergo chemical reactions with 

atmospheric oxidants which can alter the chemical and morphological properties of these aerosols. 

Chapter 4 investigated the effect of atmospheric aging on the fluorescence profile of naturally 

produced SSA by exposing these particles to large concentrations of hydroxy radical using an 

oxidative flow reactor. Aged SSA showed a clear reduction of channel 1 fluorescence and an 

increase in channel 2 and channel 3 fluorescence compared to nascent SSA. This shift was 

attributed to the oxidative degradation of tryptophan in SSA particles and the formation of 

tryptophan oxidation products which fluoresce in channels 2 and 3 (Ignatenko et al., 1982; 

Fukunaga et al., 1982; Pan et al., 2014). These oxidative changes occurred for SSA particles across 

all sizes. Additionally, we observed a significant increase in the fraction of aged particles with 

humic-like fluorescence throughout the course of a phytoplankton bloom. These results suggest 

the reactivity of atmospheric oxidants and fluorescent molecules in SSA change throughout a 

phytoplankton bloom, potentially due to chemical changes in the seawater and the resulting SSA. 
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Furthermore, the reported changes highlight the importance of atmospheric aging on SSA for 

bioaerosol identification and climate implications.  

7.2.4 Real-Time Fluorescence Measurements of Marine and Continental Aerosols 

in a Coastal Environment 

Chapter 5 utilized the WIBS to investigate the fluorescence profile of aerosol populations 

in an urban-coastal environment in Southern California. Two sampling locations were chosen for 

this experiment: 1) Border Field (BF), located along the coast at the United States-Mexico border, 

and 2) on the Ellen Browning Scripps Memorial pier (Scripps Pier) in La Jolla, California. The BF 

site was influenced by anthropogenic aerosols from metropolitan Tijuana and SSA with potential 

sewage contamination from local wastewater runoff. The second sampling site, at the Scripps 

Institution of Oceanography (SIO), was chosen as a reference site for SSA measurements because 

of its distance from major metropolitan areas and wastewater runoff sources. The WIBS, combined 

with black carbon (a proxy for anthropogenic aerosols), wind speed, and wind direction 

measurements, was used to identify periods when potentially contaminated SSA particles were 

present at BF and understand the influence of various particle sources on the local communities.  

We observed a significant difference between the fluorescent profile of 

continental/anthropogenic aerosols and marine aerosols. Marine air masses were characterized by 

a relatively low fluorescent particle fraction, often less than ~10%, containing class A and class C 

particles, resemblant of marine microbes and humic-like substances found in SSA, respeectively. 

The fluorescent particles from marine origins at BF had similar fluorescence profiles to the SIO 

marine air masses, but typically showed higher concentrations of microbial bioaerosols, indicative 

of the wastewater and pollution runoff in the coastal waters near BF. In contrast, continental air 

masses were classified by high fluorescent fractions that were predominantly class BC and class 



 
 

228 

ABC particles. At BF, particles from continental air masses exhibited high fluorescence intensities 

and small particle diameters, indicative of combustion related particles with fluorescence from 

polycyclic aromatic hydrocarbons. The particle fluorescent fractions from each source were 

consistent with previously observed trends (Kawana et al., 2021; Moallemi et al., 2021; Wei et al., 

2016; Yue et al., 2017). The drastically different marine air mass profiles and 

continental/anthropogenic air mass profile demonstrate online fluorescence measurements can 

effectively distinguish between periods when SSA or anthropogenic sources are present in coastal 

communities. Additionally, WIBS class C fluorescent fractions at BF showed a strong correlation 

with the outflow of the Tijuana River, a source of wastewater contamination, suggesting a potential 

method for detecting the influence of sewage on SSA composition. 

7.2.5 Optimization and Application of a Condensation Matrix-Assisted Aerosol 

Time-of-Flight Mass Spectrometer   

Chapter 6 describes the characterization and optimization of a novel system which 

combines a sublimation-condensation laminar flow tube containing a solid MALDI matrix with 

an ATOFMS to make a condensation matrix-assisted aerosol time-of-flight mass spectrometer 

(cMA-ATOFMS) system for small molecule detection and chemical identification. This system 

was tested on SOA particles generated from the oxidation of VOCs in an oxidative flow reactor 

with particle diameters < 100 nm, falling below the typical detection limit of the ATOFMS (Pratt 

et al., 2009). Because of matrix growth on analyte particles in the sublimation-condensation flow 

tube, single-particle mass spectra were obtained for particles that were previously unable to be 

analyzed.  

Utilizing this novel system, SOA particles generated from the oxidation of dimethyl sulfide 

(DMS) with diameters as low as 20 nm were able to be detected and chemically identified. The 
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cMA-ATOFMS system was characterized using three different MALDI matrices and showed 

higher laser powers and lower matrix-to-analyte ratios generally resulted in the highest analyte 

signal, in line with aerosol MALDI experiments (Murray and Russell, 1994). This system was 

shown to discriminate between secondary aerosols generated from different gaseous precursors by 

identifying differences in the chemical composition of secondary aerosols generated from SO2 gas 

and from DMS. These gaseous precursors often represent anthropogenic and biogenic sulfur 

sources, respectively (Charlson et al., 1987; Bates et al., 1992; Smith et al., 2001). The 

identification of methanesulfonic acid, was observed solely in the SOA produced with DMS, 

suggesting this system may be useful for source apportionment in an ambient setting. Using this 

novel system, the mixing state of SOA particles can be analyzed and the chemical composition of 

small biological particles, such as viruses, can be measured. 

7.3 Future Directions 

7.3.1 Identification of ice nucleating species and selective transfer into SSA 

 Chapter 2 demonstrated how supermicron SSA particles were the dominant source of INPs 

across all phases of a phytoplankton bloom. However, the molecular composition of INPs in SSA 

has yet to be elucidated and will require future studies on the chemical and biological composition 

of INP samples to better understand the main components of ice nucleation in SSA. Additionally, 

it was demonstrated in this study that concentrations of ice nucleating entities (INEs) in the 

seawater increased with bloom progression, but the same trend was not observed in SSA. This 

disconnect suggests a selective transfer and enrichment of specific INPs in the aerosol phase 

emitted from the bulk seawater, likely due to the chemical composition of these particles. Future 

research on the ejection dynamics of INEs and tandem measurements comparing the chemical 
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composition of the INE bulk samples and INP aerosol samples will help determine the factors 

leading to INP selection. 

7.3.2 Future studies on the emission of fluorescent biological aerosols in sea spray 

depending on wind speed and wave breaking  

Chapter 3 observed the fluorescence profile of SSA produced in an isolated wave channel 

using natural seawater. This ocean-atmosphere system provides an accurate representation of 

natural SSA from a breaking wave (Deane and Stokes, 2002; Prather et al., 2013; Stokes et al., 

2013), but it cannot generate SSA from high winds which are a well-known source of global SSA 

(Lewis and Schwartz, 2004). Future studies using a wind/wave channel and natural seawater would 

be able to determine any correlation between wind speed or wave height and fluorescent particle 

emissions in SSA. Additionally, previous measurements have shown that sea surface temperature 

can adjust the flux of SSA in a controlled environment (Forestieri et al., 2018). Further information 

regarding the influence of sea surface temperature on the production of fluorescent SSA particles 

would be beneficial for model simulations interested in the emission of bioaerosols in marine 

environments.  

7.3.3 Future studies on the influence of heterogeneous reactions and atmospheric 

aging on fluorescent SSA 

Chapter 4 investigated changes to the fluorescence signature of natural SSA following 

simulated atmospheric oxidation in a PAM-OFR. The PAM-OFR is a well characterized system 

for representing atmospheric aging, however, it can lead to the simulation of multiple 

heterogeneous reactions. Therefore, to better understand the influence of specific heterogeneous 

reactions on SSA fluorescence, future flow tube studies should be performed. These include 
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experiments focused on reactions with ozone, NOx species, SOA interactions, and photo-oxidation 

reactions to align with previous bioaerosol studies (Pan et al., 2014; Ratnesar-Shumate et al., 2015; 

Santarpia et al., 2012; Kinahan et al., 2019). These future studies could utilize a rotating drum 

chamber to keep the bioaerosols aloft for extended periods of time (Pan et al., 2014). Lastly, future 

experiments on aged SSA would benefit from tandem WIBS fluorescence measurements with 

EEMS analysis, chemical compositional analysis, and INP measurements. Coupling to EEMS and 

chemical composition measurements would help elucidate the chemical transformation in SSA 

during atmospheric aging and better explain the variable reactivity observed in this study over the 

course of a phytoplankton bloom. Complimentary INP measurements would help identify 

correlations between fluorescent particle concentrations and INP concentrations released in SSA, 

as previously observed in other studies (Huffman et al., 2013; Mason et al., 2015; Wright et al., 

2014). If a correlation was found, WIBS fluorescence measurements in marine environments could 

be used to constrain INP emissions in global climate models.  

7.3.4 Measurements of the mixing state of secondary marine aerosols and small 

biological molecules using the cMA-ATOFMS 

Chapter 6 highlights the characterization and application of the novel cMA-ATOFMS 

system measuring SOA generated in a controlled laboratory setting. This system, which expands 

the lower limit of the ATOFMS theoretically down to 7 nm, will enable the single-particle 

detection of many submicron aerosol populations. Significant interest is directed towards future 

studies focused on the mixing state of SOA produced in a marine environment and identifying the 

chemical composition of SSA with diameters below 100 nm. Additionally, this system can be 

applied to biological aerosols such as viruses, proteins, and other microbial fragments. The use of 

the MALDI matrix should enable the soft ionization of bioaerosols and the detection of specific 
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proteins and biomolecules (Stowers et al., 2000; van Wuijckhuijse et al., 2005). Future testing and 

optimization of this system on biological analytes could enable the online detection and chemical 

analysis of multiple biological species including airborne viruses, thus expanding bioaerosol 

identification and measurements for both health and climate implications.  

7.4 Acknowledgements  

 Mitchell Santander is acknowledged for his assistance in editing this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

233 

7.5 References 

Bates, T. S., Calhoun, J. A., and Quinn, P. K.: Variations in the methanesulfonate to sulfate molar 

ratio in submicrometer marine aerosol particles over the south Pacific Ocean, J. Geophys. 

Res. Atmos., 97, 9859–9865, https://doi.org/10.1029/92JD00411, 1992. 

Benner, R., Pakulski, J. D., McCarthy, M., Hedges, J. I., and Hatcher, P. G.: Bulk chemical 

characteristics of dissolved organic matter in the ocean, Science (80-. )., 255, 1561–1564, 

https://doi.org/10.1126/science.255.5051.1561, 1992. 

Burrows, S. M., Hoose, C., Pöschl, U., and Lawrence, M. G.: Ice nuclei in marine air: Biogenic 

particles or dust?, Atmos. Chem. Phys., 13, 245–267, https://doi.org/10.5194/acp-13-245-

2013, 2013. 

Charlson, R. J., Lovelock, J. E., Andreae, M. O., and Warren, S. G.: Oceanic phytoplankton, 

atmospheric sulphur, cloud albedo and climate, Nature, 326, 655–661, 

https://doi.org/10.1038/326655a0, 1987. 

Creamean, J. M., Cross, J. N., Pickart, R., McRaven, L., Lin, P., Pacini, A., Hanlon, R., Schmale, 

D. G., Ceniceros, J., Aydell, T., Colombi, N., Bolger, E., and DeMott, P. J.: Ice Nucleating 

Particles Carried From Below a Phytoplankton Bloom to the Arctic Atmosphere, Geophys. 

Res. Lett., 46, 8572–8581, https://doi.org/10.1029/2019GL083039, 2019. 

Deane, G. B. and Stokes, M. D.: Scale dependence of bubble creation mechanisms in breaking 

waves, Nature, 418, 839–844, https://doi.org/10.1038/nature00967, 2002. 

DeMott, P. J., Hill, T. C. J., McCluskey, C. S., Prather, K. A., Collins, D. B., Sullivan, R. C., 

Ruppel, M. J., Mason, R. H., Irish, V. E., Lee, T., Hwang, C. Y., Rhee, T. S., Snider, J. R., 

McMeeking, G. R., Dhaniyala, S., Lewis, E. R., Wentzell, J. J. B., Abbatt, J., Lee, C., 

Sultana, C. M., Ault, A. P., Axson, J. L., Diaz Martinez, M., Venero, I., Santos-Figueroa, 

G., Stokes, M. D., Deane, G. B., Mayol-Bracero, O. L., Grassian, V. H., Bertram, T. H., 

Bertram, A. K., Moffett, B. F., and Franc, G. D.: Sea spray aerosol as a unique source of 

ice nucleating particles, Proc. Natl. Acad. Sci., 113, 5797–5803, 

https://doi.org/10.1073/pnas.1514034112, 2016. 

Forestieri, S. D., Moore, K. A., Martinez Borrero, R., Wang, A., Stokes, M. D., and Cappa, C. D.: 

Temperature and Composition Dependence of Sea Spray Aerosol Production, Geophys. 

Res. Lett., 45, 7218–7225, https://doi.org/10.1029/2018GL078193, 2018. 

Fukunaga, Y., Katsuragi, Y., Izumi, T., and Sakiyama, F.: Fluorescence characteristics of 

kynurenine and N’-formylkynurenine, their use as reporters of the environment of 

tryptophan 62 in hen egg-white lysozyme, J. Biochem., 92, 129–141, 

https://doi.org/10.1093/oxfordjournals.jbchem.a133909, 1982. 

Huang, W. T. K., Ickes, L., Tegen, I., Rinaldi, M., Ceburnis, D., and Lohmann, U.: Global 

relevance of marine organic aerosol as ice nucleating particles, Atmos. Chem. Phys., 18, 

11423–11445, https://doi.org/10.5194/acp-18-11423-2018, 2018. 



 
 

234 

Huffman, J. A., Prenni, A. J., Demott, P. J., Pöhlker, C., Mason, R. H., Robinson, N. H., Fröhlich-

Nowoisky, J., Tobo, Y., Després, V. R., Garcia, E., Gochis, D. J., Harris, E., Müller-

Germann, I., Ruzene, C., Schmer, B., Sinha, B., Day, D. A., Andreae, M. O., Jimenez, J. 

L., Gallagher, M., Kreidenweis, S. M., Bertram, A. K., and Pöschl, U.: High concentrations 

of biological aerosol particles and ice nuclei during and after rain, Atmos. Chem. Phys., 

13, 6151–6164, https://doi.org/10.5194/acp-13-6151-2013, 2013. 

Ignatenko, A. V., Tatarinov, B. A., Khovratovich, N. N., Khrapovitskii, V. P., and Cherenkevich, 

S. N.: Spectral-fluorescent investigation of the action of ozone on aromatic amino acids, J. 

Appl. Spectrosc., 37, 781–784, https://doi.org/10.1007/BF00663829, 1982. 

Kawana, K., Matsumoto, K., Taketani, F., Miyakawa, T., and Kanaya, Y.: Fluorescent biological 

aerosol particles over the central Pacific Ocean: covariation with ocean surface biological 

activity indicators, Atmos. Chem. Phys., 21, 15969–15983, https://doi.org/10.5194/acp-

21-15969-2021, 2021. 

Kinahan, S. M., Tezak, M. S., Siegrist, C. M., Lucero, G., Servantes, B. L., Santarpia, J. L., 

Kalume, A., Zhang, J., Felton, M., Williamson, C. C., and Pan, Y. Le: Changes of 

fluorescence spectra and viability from aging aerosolized E. coli cells under various 

laboratory-controlled conditions in an advanced rotating drum, Aerosol Sci. Technol., 53, 

1261–1276, https://doi.org/10.1080/02786826.2019.1653446, 2019. 

Ladino, L. A., Raga, G. B., Alvarez, H., Rosas, I., Alvarez-Ospina, H., Andino-Enríquez, M. A., 

Martínez, L., Salinas, E., Miranda, J., Ramírez-Díaz, Z., Figueroa, B., Chou, C., Bertram, 

A. K., Quintana, E. T., Maldonado, L. A., García-Reynoso, A., Si, M., and Irish, V. E.: Ice-

nucleating particles in a coastal tropical site, Atmos. Chem. Phys, 19, 6147–6165, 

https://doi.org/10.5194/acp-19-6147-2019, 2019. 

Lewis, E. R. and Schwartz, S. E.: Sea salt aerosol production: Mechanisms, methods, 

measurements and models—A critical review, American Geophysical Union, Washington, 

D. C., 1–408 pp., https://doi.org/10.1029/152GM01, 2004. 

Mason, R. H., Si, M., Li, J., Chou, C., Dickie, R., Toom-Sauntry, D., Pöhlker, C., Yakobi-

Hancock, J. D., Ladino, L. A., Jones, K., Leaitch, W. R., Schiller, C. L., Abbatt, J. P. D., 

Huffman, J. A., and Bertram, A. K.: Ice nucleating particles at a coastal marine boundary 

layer site: Correlations with aerosol type and meteorological conditions, Atmos. Chem. 

Phys., 15, 12547–12566, https://doi.org/10.5194/acp-15-12547-2015, 2015. 

Mason, R. H., Si, M., Chou, C., Irish, V. E., Dickie, R., Elizondo, P., Wong, R., Brintnell, M., 

Elsasser, M., Lassar, W. M., Pierce, K. M., Leaitch, W. R., Macdonald, A. M., Platt, A., 

Toom-Sauntry, D., Sarda-Estève, R., Schiller, C. L., Suski, K. J., Hill, T. C. J., Abbatt, J. 

P. D., Huffman, J. A., Demott, P. J., and Bertram, A. K.: Size-resolved measurements of 

ice-nucleating particles at six locations in North America and one in Europe, Atmos. Chem. 

Phys, 16, 1637–1651, https://doi.org/10.5194/acp-16-1637-2016, 2016. 

McCluskey, C. S., Ovadnevaite, J., Rinaldi, M., Atkinson, J., Belosi, F., Ceburnis, D., Marullo, S., 

Hill, T. C. J., Lohmann, U., Kanji, Z. A., O’Dowd, C., Kreidenweis, S. M., and DeMott, P. 

J.: Marine and Terrestrial Organic Ice-Nucleating Particles in Pristine Marine to 



 
 

235 

Continentally Influenced Northeast Atlantic Air Masses, J. Geophys. Res. Atmos., 123, 

6196–6212, https://doi.org/10.1029/2017JD028033, 2018a. 

McCluskey, C. S., Hill, T. C. J., Humphries, R. S., Rauker, A. M., Moreau, S., Strutton, P. G., 

Chambers, S. D., Williams, A. G., McRobert, I., Ward, J., Keywood, M. D., Harnwell, J., 

Ponsonby, W., Loh, Z. M., Krummel, P. B., Protat, A., Kreidenweis, S. M., and DeMott, 

P. J.: Observations of Ice Nucleating Particles Over Southern Ocean Waters, Geophys. Res. 

Lett., 45, 11,989-11,997, https://doi.org/10.1029/2018GL079981, 2018b. 

McCluskey, C. S., DeMott, P. J., Ma, P. ‐L., and Burrows, S. M.: Numerical Representations of 

Marine Ice‐Nucleating Particles in Remote Marine Environments Evaluated Against 

Observations, Geophys. Res. Lett., 46, 7838–7847, 

https://doi.org/10.1029/2018GL081861, 2019. 

Moallemi, A., Landwehr, S., Robinson, C., and Simó, R.: Sources, Occurrence and Characteristics 

of Fluorescent Biological Aerosol Particles Measured Over the Pristine Southern Ocean, J. 

Geophys. Res., 2021. 

Murray, K. K. and Russell, D. H.: Aerosol Matrix-Assisted Laser Desorption Ionization Mass 

Spectrometry, J Am Soc Mass Spectrom, 5, 1–9, 1994. 

Niemand, M., Möhler, O., Vogel, B., Vogel, H., Hoose, C., Connolly, P., Klein, H., Bingemer, H., 

Demott, P., Skrotzki, J., and Leisner, T.: A particle-surface-area-based parameterization of 

immersion freezing on desert dust particles, J. Atmos. Sci., 69, 3077–3092, 

https://doi.org/10.1175/JAS-D-11-0249.1, 2012. 

Pan, Y. Le, Santarpia, J. L., Ratnesar-Shumate, S., Corson, E., Eshbaugh, J., Hill, S. C., 

Williamson, C. C., Coleman, M., Bare, C., and Kinahan, S.: Effects of ozone and relative 

humidity on fluorescence spectra of octapeptide bioaerosol particles, J. Quant. Spectrosc. 

Radiat. Transf., 133, 538–550, https://doi.org/10.1016/J.JQSRT.2013.09.017, 2014. 

Prather, K. A., Bertram, T. H., Grassian, V. H., Deane, G. B., Stokes, M. D., DeMott, P. J., 

Aluwihare, L. I., Palenik, B. P., Azam, F., Seinfeld, J. H., Moffet, R. C., Molina, M. J., 

Cappa, C. D., Geiger, F. M., Roberts, G. C., Russell, L. M., Ault, A. P., Baltrusaitis, J., 

Collins, D. B., Corrigan, C. E., Cuadra-Rodriguez, L. A., Ebben, C. J., Forestieri, S. D., 

Guasco, T. L., Hersey, S. P., Kim, M. J., Lambert, W. F., Modini, R. L., Mui, W., Pedler, 

B. E., Ruppel, M. J., Ryder, O. S., Schoepp, N. G., Sullivan, R. C., and Zhao, D.: Bringing 

the ocean into the laboratory to probe the chemical complexity of sea spray aerosol, Proc. 

Natl. Acad. Sci. U. S. A., 110, 7550–7555, https://doi.org/10.1073/pnas.1300262110, 

2013. 

Ratnesar-Shumate, S., Pan, Y. Le, Hill, S. C., Kinahan, S., Corson, E., Eshbaugh, J., and Santarpia, 

J. L.: Fluorescence spectra and biological activity of aerosolized bacillus spores and MS2 

bacteriophage exposed to ozone at different relative humidities in a rotating drum, J. Quant. 

Spectrosc. Radiat. Transf., 153, 13–28, https://doi.org/10.1016/j.jqsrt.2014.10.003, 2015. 

Santarpia, J. L., Pan, Y.-L., Hill, S. C., Baker, N., Cottrell, B., McKee, L., Ratnesar-Shumate, S., 

and Pinnick, R. G.: Changes in fluorescence spectra of bioaerosols exposed to ozone in a 



 
 

236 

laboratory reaction chamber to simulate atmospheric aging, Opt. Express, 20, 29867, 

https://doi.org/10.1364/oe.20.029867, 2012. 

Si, M., Irish, V. E., Mason, R. H., Vergara-Temprado, J., Hanna, S., Ladino, L. A., Yakobi-

Hancock, J. D., Schiller, C. L., Wentzell, J. J. B., Abbatt, J. P. D., Carslaw, K. S., Murray, 

B. J., Bertram, A. K., and Bertram, A.: Ice-nucleating efficiency of aerosol particles and 

possible sources at three coastal marine sites, Atmos. Chem. Phys., 18, 15669–15685, 

https://doi.org/10.5194/acp-2018-81, 2018. 

Smith, S. J., Pitchera, H., and Wigley, T. M. L.: Global and regional anthropogenic sulfur dioxide 

emissions, Glob. Planet. Change, 29, 99–119, https://doi.org/10.1016/S0921-

8181(00)00057-6, 2001. 

Stokes, M. D., Deane, G. B., Prather, K., Bertram, T. H., Ruppel, M. J., Ryder, O. S., Brady, J. M., 

and Zhao, D.: A Marine Aerosol Reference Tank system as a breaking wave analogue for 

the production of foam and sea-spray aerosols, Atmos. Meas. Tech., 6, 1085–1094, 

https://doi.org/10.5194/amt-6-1085-2013, 2013. 

Stowers, M. A., Wuijckhuijse, A. L. Van, Marijnissen, J. C. M., Scarlett, B., and Baar, B. L. M. 

Van: Application of matrix-assisted laser desorption / ionization to on-line aerosol time-

of-flight mass spectrometry, Rapid Commun. Mass Spectrom., 14, 829–833, 2000. 

Vergara-Temprado, J., Murray, B. J., Wilson, T. W., O’Sullivan, D., Browse, J., Pringle, K. J., 

Ardon-Dryer, K., Bertram, A. K., Burrows, S. M., Ceburnis, D., Demott, P. J., Mason, R. 

H., O’Dowd, C. D., Rinaldi, M., and Carslaw, K. S.: Contribution of feldspar and marine 

organic aerosols to global ice nucleating particle concentrations, Atmos. Chem. Phys., 17, 

3637–3658, https://doi.org/10.5194/acp-17-3637-2017, 2017. 

Wei, K., Zou, Z., Zheng, Y., Li, J., Shen, F., Wu, C. yu, Wu, Y., Hu, M., and Yao, M.: Ambient 

bioaerosol particle dynamics observed during haze and sunny days in Beijing, Sci. Total 

Environ., 550, 751–759, https://doi.org/10.1016/J.SCITOTENV.2016.01.137, 2016. 

Wilson, T. W., Ladino, L. A., Alpert, P. A., Breckels, M. N., Brooks, I. M., Browse, J., Burrows, 

S. M., Carslaw, K. S., Huffman, J. A., Judd, C., Kilthau, W. P., Mason, R. H., McFiggans, 

G., Miller, L. A., Najera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si, M., Temprado, J. 

V., Whale, T. F., Wong, J. P. S., Wurl, O., Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, 

J. Y., Bertram, A. K., Knopf, D. A., and Murray, B. J.: A marine biogenic source of 

atmospheric ice-nucleating particles, Nature, 525, 234–238, 

https://doi.org/10.1038/nature14986, 2015. 

Wright, T. P., Hader, J. D., McMeeking, G. R., and Petters, M. D.: High Relative Humidity as a 

Trigger for Widespread Release of Ice Nuclei, Aerosol Sci. Technol., 48, i–v, 

https://doi.org/10.1080/02786826.2014.968244, 2014. 

van Wuijckhuijse, A. L., Stowers, M. A., Kleefsman, W. A., Van Baar, B. L. M., Kientz, C. E., 

and Marijnissen, J. C. M.: Matrix-assisted laser desorption/ionisation aerosol time-of-flight 

mass spectrometry for the analysis of bioaerosols: Development of a fast detector for 

airborne biological pathogens, J. Aerosol Sci., 36, 677–687, 



 
 

237 

https://doi.org/10.1016/j.jaerosci.2004.11.003, 2005. 

Yue, S., Ren, H., Fan, S., Wei, L., Zhao, J., Bao, M., Hou, S., Zhan, J., Zhao, W., Ren, L., Kang, 

M., Li, L., Zhang, Y., Sun, Y., Wang, Z., and Fu, P.: High Abundance of Fluorescent 

Biological Aerosol Particles in Winter in Beijing, China, ACS Earth Space Chem., 1, 493-

502, https://doi.org/10.1021/acsearthspacechem.7b00062, 2017. 

 

 




