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The composition and physical properties of atmospheric particles play a critical in Earth’s radiative

balance and are major sources of uncertainty in understanding our global climate. Atmospheric

particles are produced through a variety of processes and their atmospheric impacts depend on

multiple factors, like the composition, size and number concentration. Particularly, the composition,

formation and growth of ultrafine particles, defined as particles with a diameter less than 100 nm,

are of particular interest to investigate due to their ability to directly serve as cloud condensation

nuclei (CCN). However, these various chemical and physical properties of ultrafine particles are

largely dependent upon the environment they originate from. Therefore, studying the composition of

ultrafine particles across various locales is extremely important and these results can be incorporated

into building better global prediction models of climate. This dissertation investigates the chemical

composition of ultrafine particles across the Amazon Basin, commonly referred to as the "green

ocean," and over marine environments, or the "blue ocean."

In Chapter 2, we measured the composition of ultrafine particles in the Amazon Basin using Thermal

Desorption Chemical Ionization Mass Spectrometry (TDICMS) during the Green Ocean Amazon

(GoAmazon2014/5) field experiment. The most abundant compounds detected in the positive and

negative ion modes were measured. Two time periods arose over a ten day period of analysis, related

to air mass back trajectories bringing different air masses to the sampling location. The first sam-

pling period, deemed the anthropogenic period due to air masses originating over a metropolitan
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area, was characterized by higher particle number concentrations and larger amounts of particu-

late bisulfate. The background period, characterized by air masses arriving to the sampling site

from northern forested areas, had 3-methylfuran as the dominant species, a thermal decomposition

product of a particulate-phase isoprene epoxydiol (IEPOX). Additional statistical analysis was per-

formed to compare the sources and composition of ultrafine particles to larger submicron particles.

Hierarchical clustering separated ultrafine particle chemical components from the submicron par-

ticle chemical components, indicating that different processes or sources impact ultrafine particle

formation and growth compared to larger submicron-sized particles.

Next, in Chapters 3 and 4, we measured the composition of ultrafine particles from both primary

and secondary marine sources using TDCIMS analysis during the Sea Spray Chemistry and Particle

Evolution (SeaSCAPE) experiment. Primary marine aerosol, known as sea spray aerosol, is directly

emitted into marine environments through wave breaking and bubble bursting. Using coastal water

obtained from Scripps Pier in San Diego, CA, primary sea spray was generated using a wave flume.

The measured trends in inorganic, NaCl, and organic fractions were dependent on active biological

activity, with the organic fraction peaking with the total abundance of heterotrophic bacteria. At

low phytoplankton activity, ultrafine particulate mass was mainly comprised of NaCl. Positive

ion fragments characteristic of polysaccharides and fatty acids likely were of bacterial origin, were

measured in ultrafine particles but not in larger sea spray aerosol (∼100-200 nm).

Additionally, in Chapter 4, we report the general composition of ultafine secondary marine aerosol

during times of high biological activity and mass fractions of particle phase ammonium, sulfate,

methanesulfonic acid (MSA), dimethylamine (DMA) and iodine. Secondary marine ultrafine parti-

cles were formed using a potential aerosol mass oxidative flow reactor and oxidizing gaseous emis-

sions from the wave flue with ∼1 day equiv. aging of OH. These measurements were paired with gas

phase measurements of volatile organic compounds (VOCs) directly emitted from the wave flume

to assess the formation pathways of secondary marine aerosol. More ultrafine secondary marine

aerosol was produced during times of high biological activity, when sulfur containing VOCs were

at their highest, leading to roughly 40% of the mass fraction being composed of the TDCIMS cali-

brated species listed above. We hypothesize that particulate DMA and ammonium are neutralized
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by sulfuric acid, MSA and organic acids. The general composition of secondary ultrafine particles

during peak biological activity suggest influence from nitrogen and sulfur containing organic species

and low volatility organics that can contribute to new particle formation.
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Chapter 1

Introduction

1.1 List of Research Articles

This thesis consists of an introduction and three research articles. These papers are outlined below

and are referenced throughout the introduction by their roman numeral (e.g., Paper II).

I. Glicker, H.S.; Lawler, M.J.; Ortega, J.; de Sa, S; Martin, S.T.; Artaxo, P.; de Souza,

R.; Tota, J.; Smith, J.N and GoAmazon2014/5 collaborators. "Chemical Composition of

Ultrafine Particle in the Amazon Basin during the Wet Season,” Atmospheric Chemistry and

Physics. 2019. 19, pp 13053-13066. DOI: https://doi.org/10.5194/acp-19-13053-2019

II. Glicker, H.S.; Lawler, M.J.; Chee, S.; Resch, J.; Garofalo, L.A.; Mayer, K.J.; Prather, K.A.;

Farmer, D.K.; Smith, J.N.; “Chemical Composition of Ultrafine Sea Spray Aerosol during the

Sea Spray Chemistry and Particle Evolution (SeaSCAPE) Experiment.” ACS Earth Space

Chem.. In review.

III. Glicker, H.S.; Lawler, M.J.; Chee, S.; Resch, J.; Smith, J.N.; “Chemical composition and for-

mation of secondary marine aerosol during the Sea Spray and Particle Evolution (SeaSCAPE)

Experiment” Geophysical Research Letters. In preparation.
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Other papers related to the project but were not incorporated into the thesis are outlined below

and are also referenced throughout the text by their roman numerals.

IV. Smith, J.N.; Draper, D.C.; Chee, S.; Dam, M.; Glicker, H.S.; Myers, D.; Thomas, A.;

Lawler, M.J.; Myllys, N. “Atmospheric clusters to nanoparticles: Recent progress and chal-

lenges in closing the gap in chemical composition.” Journal of Aerosol Science. 2020. 153.

DOI: https://doi.org/10.1016/j.jaerosci.2020.105733

1.2 Background

1.2.1 Impact of Atmospheric Particles on Climate and Health

Atmospheric aerosols are defined as a suspension of liquid or solid particles in a gas, with a wide range

of particulate diameters from as small as a few nanometers to as large as tens of micrometers. These

aerosols ultimately have varying effects on global climate and human health, the full extent of which

are still poorly understood. Particles can be grouped with respect to diameter into three different size

ranges: the nucleation or Aitken mode (∼1-100 nm), the accumulation mode (∼100 – 2000 nm), and

the coarse mode (∼2 – 10 microns) as noted in Figure 1.1 with their respective formation pathways

(Finlayson-Pitts and Pitts, 2000b; Whitby, 1978). There are different production and formation

mechanisms that are unique to each size population. Typically, nucleation mode particles are formed

from gas-to-particle conversion of low volatility vapors that form a nucleus. Accumulation mode

particles form through the coagulation of particles of a smaller diameter. Particles in the coarse

mode are typically produced through mechanical processes, such as suspension for dust and friction

for tire wear particles. Like the formation processes, the removal processes of atmospheric particles

are typically size-dependent as well, as noted in Figure 1.1. In this dissertation, I will focus on the

growth mechanisms and composition of particles in the Aitken mode and will refer to these particles

as "ultrafine particles."
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Figure 1.1: Size-dependent formation and removal pathways of atmospheric aerosol, repro-
duced from Whitby (1978).

The physico-chemical properties of atmospheric particles and their potential direct and indirect

impacts on global climate are also size-dependent. In general, atmospheric ultrafine particles are

too small to scatter or absorb significant amounts of radiation, and thus have a small impact on direct

radiative effects that alter weather and climate. However, as accumulation mode particles can be

produced through the coagulation of particles in the ultrafine size range, the latter serves as crucial

precursors to larger particles that are more effective at scattering and absorbing radiation, which can

directly alter the climate. As ultrafine particles begin to grow, they also have the potential to form

cloud condensation nuclei (CCN), which indirectly affect global climate (Pöschl, 2005; Lohmann

and Feichter, 2004). CCN provide a needed nucleus for water condensation leading to the formation

of clouds (Merikanto et al., 2009; Pierce and Adams, 2009; Westervelt et al., 2013). At a given

water superstaturation, the ability to serve as CCN is dependent on particle composition and size,
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according to Köhler theory (Köhler, 1936). This indirect forcing of aerosols on climate is still the

single largest uncertainty in the global radiation models as reported in 2022 IPCC report (Skea

et al., 2022). As both direct and indirect radiative forcing is dependent on the formation, growth

and composition of ambient ultrafine particles, it is extremely important to further understand the

intricacies behind these ultrafine particle formation and growth. This requires direct measurements

of size-resolved chemical composition in the ultrafine particle size range.

In addition, ultrafine particles can have a significant impact on human health (Oberdörster et al.,

2005). In general, human bodies are more efficient at preventing larger sized particles from entering

the body. For example, the fate of inhalation of larger particles (>100 nm) is the deposition onto

the walls of the respiratory tract. In contrast, ultrafine particles are able to travel to the deep-

est part of the lungs where oxygen exchange occurs (Allen et al., 2017; Oberdörster et al., 2004).

Since sub-100 nm ultrafine particles are so small, they can more easily translocate via the blood-

stream by penetrating cell membranes, leading to potentially adverse health effects. Additionally,

as ultrafine particles are precursors to larger particles, which have been correlated with adverse

health effects like asthma and heart disease, this continues to give motivation to understand the

formation and composition of ultrafine particles (Arden Pope III and Dockery, 2012; Dockery et al.,

1993; Turner et al., 2008). Having a more complete understanding on the growth processes and

chemical composition of ultrafine particles is thus crucial for understanding their impact on global

climate and human health and is what motivates this thesis research. In turn, additional insight

into the physico-chemical properties of ultrafine particles can help in the development of mitigation

strategies in order to reduce global climate and human health impacts.

1.2.2 Impact of Chemical Composition on the Atmospheric Fate of

Ultrafine Particles

Generally, particles across all size ranges are produced through primary or secondary processes. Pri-

mary produced particles are emitted directly into the atmosphere and secondary particles are formed

through gas-to-particle conversion (Finlayson-Pitts and Pitts, 2000b; Whitby, 1978). Primary pro-
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cesses for ultrafine particle generation in various environments, including sea spray formation and

primary biological particle production, are explored in more depth later in Sections 1.2.3 and 1.2.4.

As alluded to above, the chemical composition of ultrafine particles can be highly influenced by

the composition of gas phase precursors, which ultimately impact the atmospheric fate of these

particles.

Figure 1.2: Residence times of particles according to size, as well as their main loss pathways,
reproduced from Smith et al. (2004).

Ultrafine particles with diameters between 1 and 10 nm, which are referred to as "nanoparticles,"

are typically formed through secondary processes in a process typically referred to as new particle

formation and will continue to grow to sizes that are more atmospherically relevant. New particle

formation (NPF) events have been observed in both remote and polluted environments and involves

the formation of molecular clusters and their growth into larger sizes (Kerminen et al., 2018). There

has been an observed close connection at numerous measurement sites between the formation rate of

new particles and gas-phase sulfuric acid (Kulmala et al., 2006; Kerminen et al., 2018; Riipinen et al.,

2007). The major precursor to gas-phase sulfuric acid is sulfur dioxide (SO2), a major atmospheric

pollutant that also has natural sources that include volcanic activity. Sulfuric acid is produced in

the gas phase through multiple oxidation reactions of gas phase SO2. However, not all new particle

formation and ultrafine particle growth events can be accounted by just sulfuric acid alone, especially

with recent air quality regulations limiting the amount of SO2 emitted. Prior measurements of

ambient sub-20 nm ultrafine particle composition have also detected ammonia, amines, and oxidized

5



organics, suggesting these compounds are critical participants in nanoparticle formation and growth

processes (Ehn et al., 2014; Junninen et al., 2010; Smith et al., 2008b, 2010b; Wang et al., 2006). The

known contributors to particle growth and their formation mechanisms are illustrated in 1.3 from

Ehn et al. (2014). The smallest particulate sizes are heavily influenced by the presence of sulfuric

acid, amines, ammonia and "ELVOC"s, or extremely low volatility organic compounds. At ∼1 nm

size ranges, sulfuric acid and ELVOCs have a low enough volatility to overcome the Kelvin effect,

leading to irreversible condensation. Ammonia and amines, both relatively volatile compounds,

are unlike sulfuric acid and ELVOCs because they must undergo acid-base reactions resulting in

their protonated ions in order to become non-volatile (Barsanti et al., 2009; Lavi et al., 2015; Smith

et al., 2010b). As particles begin to grow, these components contribute less to growth and higher

volatility compounds, noted as "LVOC" for low volatility organic compounds and "SVOC" for

semi-volatile organic compounds, are oftentimes more abundant and are able to contribute more to

the growth process and therefore composition. The composition of ambient gas-phase species and

oxidants can dictate the formation and growth processes responsible for ultrafine particle formation

and growth, thus measuring and understanding the chemical composition of ultrafine particles gives

needed insight into these mechanisms.

While these processes of forming molecular clusters through intermolecular bonds happen almost

everywhere, only under certain atmospheric conditions promote the growth of nanoparticles (Kul-

mala et al., 2014; Kirkby et al., 2011; Pichelstorfer et al., 2018; Weber et al., 1996; Zhang et al., 2012;

Whitby, 1978). Nanoparticles must grow quickly to larger sizes to avoid removal via coagulation

from larger particles, as noted in Figure 1.2 (Cai and Jiang, 2017; Kuang et al., 2010). The only way

clusters and nanoparticles can continue to grow is either through the irreversible condensation of

very low volatility species or via condensed-phase reactions of a volatile species to form a nonvolatile

product, called reactive uptake. Condensation of semivolatile gases is limited by the Kelvin effect,

which is the phenomenon whereby the curved surface of particles requires a supersaturation of con-

densing species to be present for condensation, and therefore growth, to occur (Finlayson-Pitts and

Pitts, 2000a). Further insight into these potential formation and growth processes is crucial as NPF

is a dominant contributor to CCN populations (Kulmala et al., 2004, 2017).
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Figure 1.3: Relative contributions of compounds to nanoparticle growth as a function of size.
Reproduced from Ehn et al. (2014).

1.2.3 Particle Formation and Processes that Impact the Chemical

Composition of Ambient Particles in the Amazon Basin

The Amazon Basin is an ideal location to study the impacts of biogenic and anthropogenic emis-

sions on the composition of particles. Coined the "Green Ocean" due to times with minimal particle

number concentrations like that observed over the open ocean, the Amazon Basin is one of the few

remaining tropical regions on Earth where near-natural conditions, free from anthropogenic influ-

ence, can still be observed. The ambient particle number concentrations often represent background

conditions and are in the range of 300-600 cm−3. An understanding of aerosol composition and prop-

erties in this region therefore give a baseline for understanding that which can be considered "pristine

aerosol." This section provides further insight into the gaseous emissions that impact the region’s

environment, the particle formation processes observed in the region and the current understanding

of how emissions and formation processes impact the composition of ultrafine particles found in the

region.

7



Isoprene is the most abundant biogenic volatile organic compounds (BVOC) emitted in the Amazon,

while both monoterpenes and sesquiterpenes are also observed (Alves et al., 2016). This is quite

different from other forested regions, where monoterpenes tend to dominate. While variable con-

centrations in the Amazon Basin are observed for gaseous species since they are highly dependent

on seasonal trends and diurnal variations, isoprene (C5H8) can reach a mixing ratio of 1-2 ppbv up

to ∼300m above ground and around 8 ppbv near the canopy level (Rasmussen and Khalil, 1988).

During the wet season, December through March, isoprene emissions are reduced due to the cloud

cover and reduced temperature. Like isoprene, monoterpenes are regulated by seasonal and diurnal

trends. Monoterpene mixing ratios in the Amazon Basin are about 10-15% of isoprene mixing ra-

tios, greatly differing from boreal regions where monoterpene dominates and mixing ratios can reach

almost 1 ppb during summer months (Artaxo et al., 2022; Hakola et al., 2012). Additional oxidized

volatile organic compounds are observed in the Amazon, like methanol, acetone and acetaldehyde,

and come from a variety of biogenic sources (Yáñez-Serrano et al., 2015). Other trace gases, like

SO2, NOx, and O3, with both biogenic and anothropogenic sources, are reactive and affect pathways

that govern particle formation (Artaxo et al., 2022).

Figure 1.4: Observed formation and growth pathways of ultrafine particles in the Amazon
Basin. Figure adapted from Wang et al. (2016).
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Aerosol sources in the Amazon Basin are dominated by both anthropogenic and biogenic emissions

and are produced through primary and secondary processes. The various processes of particle

generation and formation are highlighted in Figure 1.4 and explained in further detail below.

Primary particles, meaning particles directly emitted into the air, are observed in the Amazon across

all particle sizes. Most notably, biomass burning derived particles, primary marine particles and

windblown mineral dust from North Africa are measured in the Amazon Basin (Prenni et al., 2009).

These particles tend to impact the composition of larger particles (>100 nm) due to their larger

diameter upon generation and the longer periods of growth that occur during long-range transport.

However, tropical forests, like those in the Amazon Basin, can emit primary biological particles into

the atmosphere across a variety of sizes, including sub-100 nm particles. Biological particles can

consist of viruses, which span a couple of nanometers in diameter, as well as pollen and other fungal

spores that can be hundreds of micrometers in diameter. However, at a high relative humidity, like

what is observed in the Amazon, fungal spore rupturing has been observed. These fungal fragments

are submicrometer sized particles that contain mixtures of inorganic salts with constituents such as

Na+, Cl− and K+, but are primarily composed of carbon and oxygen (Prenni et al., 2009). Due to

their hygroscopic nature, upon further growth, these fungal fragments can eventually serve as CCN

and have climate implications. Once generated, primary particles can begin to undergo further aging

through the condensation or reactive uptake of other oxidized species leading to continued particle

growth. Lastly, in-basin biomass burning is observed and produced some primary particles, but

this dominates in the dry season, June through September (Martin et al., 2010). Biomass burning

provides a major source for in-basin primary particles and also anthropogenic emissions that may

influence particle formation in the region.

Unlike other forested regions, in the Amazon Basin particles with a diameter less than 30 nm

are rarely observed at ground level, suggesting new particle formation events seldom occur on the

ground (Martin et al., 2010). While highlighted above that isoprene has a high oxidative capacity

and a significant abundance relative to other BVOCs, the oxidation products of isoprene are not low

enough in volatility to contribute to forming new particles. As noted in Figure 1.4, the oxidation

products of isoprene largely contribute to growth mechanisms through condensation and reactive
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uptake. Recent airborne studies in the Amazon Basin suggest that particle nucleation and growth

initiates in the upper troposphere, increasing the probability that they can serve as CCN due to the

high supersaturations aloft (Fan et al., 2018). In updrafts, CCN activation leads to the release of

latent heat from the condensation of water. This intensifies convective transport and brings these

newly formed particles into the boundary layer where they can contribute to growth via condensation

and coagulation. This process then cycles additional reactants from the boundary layer into the

free troposphere, where NPF can occur once again (Fan et al., 2018; Andreae et al., 2018; Wang

et al., 2016).

While boundary layer NPF is rarely observed, the oxidized products of isoprene impact the composi-

tion due to gas-particle partitioning. BVOCs undergo various forms of oxidation to form secondary

organic aerosol, thus influencing the photochemistry and radiative forcing capabilities of particles.

However, with an increase in the urbanization and industrialization of the region, there are times

with higher NOx concentrations that can affect the dominant oxidation pathways of BVOCs (Martin

et al., 2010). Isoprene oxidation with various oxidants, like the hydroxyl radical or ozone, leads to

more oxidized species being produced, which can support particle growth in the region. When iso-

prene reacts with hydroxyl radical (OH), it can produce isoprene peroxy radicals (ISOPOO) which

can undergo further radical reactions that primarily produce hydroxyhydroperoxides (ISOPOOH),

methyl vinyl ketone (MVK) and methacrolein (MACR) (Liu et al., 2016). These species can parti-

tion into the particle phase, leading to particle growth. Under low-NOx conditions, the formation

and reactive uptake of isoprene epoxydiols (IEPOX) into the particle phase has been observed

(Martin et al., 2010; de Sá et al., 2018).

While recent research has provided insight into the origin, transport and climate impacts of these

ultrafine particles in the Amazon Basin, very little is known about their chemical composition,

especially the composition of ultrafine particles in the region. Larger sized particles in the Amazon

Basin are typically composed of 70-80% organics by mass, but no direct measurements of ultrafine

particle composition were performed prior to 2014 (Graham et al., 2003). Results reported herein

report the composition of ultrafine particles in the Amazon Basin and explore the connections

between composition and biogenic and anthropogenic emissions.
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1.2.4 Particle Formation and Processes that Impact the Chemical

Composition of Ambient Particles in Marine Environments

A better understanding of the concentration and composition of natural aerosols is needed to elu-

cidate aerosol-cloud systems, which continues to pose one of the largest uncertainties for climate

modeling (Andreae and Rosenfeld, 2008). Given the ocean represents one of the biggest sources of

natural aerosols, marine aerosol is one of the most important natural aerosol systems, contributing

significantly to the biogeochemical cycle and Earth’s radiative budget (Rinaldi et al., 2010). Marine

aerosol, like other aerosol, can be separated into two, key formation categories: primary and sec-

ondary. This section describes the different formation processes of these two categories of aerosols,

their composition and their potential atmospheric fates.

Figure 1.5: General generation and formation pathways of marine aerosol. Figure adapted
from Mayer et al. (2020).

Primary aerosol from marine environments consists predominantly of sea spray aerosol (SSA), which

account for the largest mass emission flux out of all aerosol types. SSA is generated through a

mechanical process from the interaction of wind with the ocean surface and via the physical ejection

of seawater due to bubble bursting (O’Dowd and De Leeuw, 2007; Cochran et al., 2017a; Deane and

Stokes, 2002; Stokes et al., 2013). Due to this mechanical processing, the general composition of

SSA consists of inorganic salts, like those present in bulk seawater, and marine organics, linked to

active marine biology and other biogenic marine sources. However, the composition of SSA is largely

dependent on the generated size. While various mechanisms have been observed to produce aerosol
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from bubble bursting, two primary mechanisms are acknowledged leading to the formation of sub-

micron and super-micron SSA. Sub-micron aerosol are primarily produced through film droplets,

which suggests their composition may contain surface-active molecules that are enriched in the sea

surface microlayer (Lewis and Schwartz, 2004a; Wang et al., 2015). Supermicron SSA are generally

produced via jet droplets, which results in their composition mirroring that of bulk seawater. In

both cases, the composition of the ocean impacts the composition of SSA produced. For sub-

100 nm SSA, recent work looked into the composition of SSA during the Northeast Atlantic cold

season. Results of that research suggested that during times of minimal biological activity, the bulk

chemical composition of sub-100 nm SSA was roughly 90% sea salt (Xu et al., 2022). However,

during times with high active biology, there is more significant contribution from organic matter.

Specifically for sub-micron SSA, during these higher biology times, primary marine organics like

polysaccharides and fatty acids have been detected (Lawler et al., 2020; Bates et al., 2012; Russell

et al., 2010; Frossard et al., 2014). These results vary depending on, for instance, the location of

marine environment and types of biology present.

Secondary marine aerosol (SMA), produced through the gas-to-particle conversion process, has been

thought to be primarily contributed from sulfur species that are directly emitted from marine bio-

logical processes. SMA are produced through new particle formation, although aging of pre-existing

primary aerosol through condensation processes still readily occurs (Figure 1.5). The primary, gas

phase sulfur species produced is dimethylsulfide (DMS), which is directly emitted from phytoplank-

ton. Once oxidized with OH, SO2 forms and continues to oxidize until particulate sulfate is formed

(Charlson et al., 1987). Many studies have measured internally mixed non-sea-salt sulfate with

secondary oxidized organics to represent a significant fraction of submicron SMA (Asmi et al., 2010;

O’Dowd et al., 2004). Unlike SSA, the composition of SMA is not influenced by inorganic salts

present in seawater. Additionally, other BVOCs, like isoprene, monoterpenes and alkyl amines,

are also emitted and are subsequently oxidized and can serve as precursors for NPF. Given that

these BVOCs have biological sources, many recent investigations have looked into the relationship

between SMA composition and biological activity (Trueblood et al., 2019; Rinaldi et al., 2010;

Hasenecz et al., 2020; Schiffer et al., 2018).
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Due to the complex relationship between marine aerosol composition and seawater biological activ-

ity, many studies attempt to understand this relationship through laboratory measurements. The

most common approach for studying SSA in the laboratory artificially generates SSA utilizing a

bubble generator that mimics the production via bubble bursting occurring on seawater surfaces.

Different types of bubble generators have been found to incorrectly mimic ambient marine aerosol

size distributions, but some systems more accurately mimic the ambient ocean environment, such

as the system described in Collins et al. (2014) and Stokes et al. (2013). Additionally, a marine

aerosol reference tank (MART) can be used to simulate ocean environments. Simulated seawater

or even real seawater can be used and phytoplankton blooms can be initiated to simulate natural

biological activity. MART systems, specifically, can produce SSA through the bubbling techniques

cited above, but also produces a complete mixture of gaseous emissions. These gaseous emissions

can then be oxidized in an oxidation flow reactor to give better understanding of the formation and

composition of SMA (Mayer et al., 2020). While additional efforts must be taken to reproduce the

real marine environment in the laboratory, laboratory measurements are still extremely important.

The isolated environment that a laboratory provides allows insight into individual marine aerosol

processes, such as SSA vs. SMA formation. In the ambient environment, it is nearly impossible

to measure fresh SSA or just SMA. Certain conditions may give insight into certain regimes, like

low-biological activity times allows more insight into SSA due to the reduced biologically related

emissions, but the impact of secondary aging of fresh SSA cannot be ruled out under those condi-

tions. Therefore ambient measurements and laboratory measurements are both crucial for a more

thorough understanding of marine aerosol composition and physico-chemical properties.

Highlighted in Section 1.2.1 above, the composition of sub-100 nm diameter particles is particularly

important for understanding the roles these particles may play in CCN formation. Especially for

marine aerosol, properties like hygroscopicity are heavily dependent on the composition. Hygro-

scopicity, or the ability of particles to absorb water, is dependent on the composition and mixing

state of the particle, meaning whether particles are homogeneous and internally mixed or phase-

separated. In general, marine aerosol that is composed primarily of water-soluble or hygroscopic

salts, like NaCl, can activate into CCN at relatively smaller particle sizes. With a larger organic

13



contribution, the hygroscopicity generally decreases (Prather et al., 2013). Due to the important

dependence of composition on hygroscopicity, a more thorough understanding of ultrafine marine

aerosol composition is crucial for reducing the uncertainties in the global radiation models.

1.3 Description of Measurement Methods Used and Field

Campaigns

Each thesis chapter presented herein will report measurements, results and conclusions of ultrafine

particle composition from two different field campaigns. The term field campaign encompasses

ambient measurements and laboratory measurements in various field locales. This section will

discuss the general goals of each field campaign we participated in. This section will also discuss

the common measurement techniques and data analysis employed to quantify ultrafine particle

composition. However, more locale specific and methodology specific details are highlighted in

Chapters II, III and IV.

1.3.1 Measurement Methods

Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS)

The Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS) was developed by

Smith and colleagues at the National Center for Atmospheric Research (NCAR) in Boulder, Col-

orado (Voisin et al., 2003). The TDCIMS instrument is unique because it is one of only a few

instruments in the world that can perform online measurements of ambient, size-resolved ultrafine

particle composition. TDCIMS measurements have been used to characterize laboratory-generated

ultrafine particles and nanoparticles (Chee et al., 2019; Perraud et al., 2020) and ambient measure-

ments of ultrafine particles (Lawler et al., 2014, 2016, 2020; Li et al., 2021; Smith et al., 2008b) and

also used in Papers I, II and III.

14



The TDCIMS operation begins with charging nanopoarticles via ion diffusion using unipolar charges

(UPCs) and then size-selecting these charged particles utilizing differential mobility analyzers. The

size-selection techniques can be varied, so the specific techniques employed for all measurements

presented is further elaborated in Chapters II, III and IV. Then, these size-selected, charged

particles are electrostatically deposited onto a Pt wire with collection times adjusted according

to the sample mass. Collection times are determined based on a balance between maximizing

particulate mass while maintaining good temporal resolution. Once collections are complete, the

wire is translated into the ion source region where thermal desorption takes plave over a period

of 70 s. At the start of desorption, the wire is at room temperature and it is resistively heated,

ramping the temperature over the 70 s to roughly 800°C. This allows for the desoprtion of ionic

salts, like sodium chloride, to occur.

Once desorbed, reagent ions react with the desorbed chemical components to form product ions.

The ionization region has a 210Po radioactive source and is held under clean nitrogen flow that

contains trace amounts of O2 and H2O. These species are ionized to produce the reagent ions O –
2

and H3O
+, often clustered with water, allowing for both positive and negative ion mode polarities to

be possible. One polarity can be observed for a given particle sample, so measurements are cycled

between positive and negative ions modes. Background measurements follow the same sampling

protocol noted above, but there is no voltage applied to the Pt wire, so in essence- no particles

are collected. Background signals then represent gases adsorbed onto the wire and walls of the

ion source. With collection and background measurements, signals of chemical fragments can be

background subtracted to represent the signal only from particulate matter and minimize the effect

of gas phase contamination and gas desorption from surfaces (Lawler et al., 2016). The chemical

ionization mechanisms for species M are shown in Scheme 1 for both the positive and negative ion

modes.

Positive Ion Mode:

(H2O)nH3O
+ +M −−→ MH+ + (H2O)(n−1) R1

Negative Ion Mode:
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(H2O)nO
−

2 +MH −−→ M− +HO2 + (H2O)(n−1) R2

(H2O)nO
−

2 +M −−→ M− +O2 + (H2O)n R3

(H2O)nO
−

2 +M −−→ M(O −
2 )(H2O)n R4

The product ions from this ionization are detected using mass spectrometry. For the work in this

thesis, quadrupole mass spectrometry (Paper I) and time-of-flight mass spectrometry (Paper II

and III were used for ion detection. From TDCIMS measurements, we can obtain the chemical

composition of the sampled particles via mass spectrometry but also qualitative information about

the volatility of the desorbed components due to the desorption profile. By studying the thermal

desorption profile of each ion, one can determine whether observed ions are fragments and the

volatility of the constituent. Species that desorb at low temperatures are more volatile and more

more volatile ions that appear at high temperatures are likely thermal decomposition products of

the parent ion.

In order to characterize the number and size distribution of particles, scanning mobility particle

sizers (SMPS) systems were universally used. Particle size distributions using SMPS are ubiquitous

in the field of atmospheric chemistry (Finlayson-Pitts and Pitts, 2000b; Kulkarni et al., 2011). These

measurements were employed in Chapters II and III to quantify the total mass of particulate

matter collected for TDCIMS analysis.

1.3.2 Observations and Modeling of the Green Ocean Amazon (GoA-

mazon 2014/5) Field Campaign

The most recent, and currently the largest, field campaign to study the Amazon atmospheric chem-

istry and cloud processes was the Observations and Modeling of the Green Ocean Amazon (GoA-

mazon2014/5), which took place outside of Manaus, Brazil (Martin et al., 2016). The goals of

this large-scale experiment focused on the interactions between vegetation, atmospheric chemistry

and aerosol production and their connection to clouds, precipitation and other meteorological phe-

nomenon. The campaign was divided into two intensive operational periods (IOPs) during the wet
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and dry seasons of 2014. Typically, the wet season features less biomass burning so conditions are

somewhat cleaner compared to the dry season, although clean and polluted periods can be observed

during both seasons due to the proximity of Manuas, which is a megacity with about 2.2 million

inhabitants.

There were multiple research sites during GoAmazon 2014/5, including 3 ground-based sites and

one airborne platform. For the measurements presented in Chapter 1 of this thesis, TDCIMS

measurements were performed at the "T3" site (3.2133◦S, 60.5987◦W), 70 km west of Manaus,

Brazil. These TDCIMS measurements measured, for the first time, ultrafine particle composition

in the region.

1.3.3 Sea Spray Chemistry and Particle Evolution (SeaSCAPE)

Field Campaign

To assess the chemical composition of ultrafine SSA and SMA, we performed TDCIMS measure-

ments as part of the 2019 Sea Spray Chemistry and Particle Evolution Study (SeaSCAPE), which

took place the Scripps Institute of Oceanography (SIO) in La Jolla, CA (Sauer et al., 2022). The

goal of this two-month experiment was to assess the influences of biological activity and seawater

chemistry on the chemical composition and climate-relevant properties of marine gaseous emissions,

sea spray aerosol and secondary marine aerosol.

The simulated ocean environment was created with a sealed wave channel (33 m length x 0.5 m

width x 0.8 m height) located within the Hydraulics Laboratory at SIO. Seawater was brought

in from Ellen Browning Scripps Memorial Pier (Scripps Pier, 32-52’00" N, 117-15’21" W), filtered

and circulated into the wave channel. Waves were generated using an electromagnetically powered

paddle that generated waves that would break at an artificial "beach" midway in the channel. As

the waves broke, SSA was produced and directly measured. This type of wave generation and

breaking produced SSA with a similar size distribution to what is observed over the ocean. At

the same time a potential aerosol mass oxidation flow reactor (PAM-OFR, Aerodyne Inc.) and an
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isolated sampling vessel (ISV) were used to produce SMA from the oxidation reactions of gaseous

precursors. The ISV was a capped, cylindrical tube where seawater was circulated using a plunging

stream mechanism. As gas phase species were emitted from the circulated seawater, zero air over

the headspace brought these gaseous precursors to the PAM-OFR. In the PAM-OFR, UV lamps

produced high concentrations of OH radicals to simulate atmospheric aging (∼one day equivalent

aging). The oxidation of these precursors produced SMA that was then sampled.

This experiment was divided into three blooms in which the addition of growth medium to the wave

channel seawater induced a phytoplankton bloom. The wave channel was equipped with fluorescent

lights to provide necessary light flux for photosynthetic organism growth to occur. Phytoplankton,

viral and chlorophyll-a measurements were performed to determine the relative biological activity

and availability of water soluble organic material (WSOM). During this experiment, the TDCIMS

measured the composition of ultrafine SSA and SMA during the second bloom.

1.4 Dissertation Goals and Chapter Descriptions

This dissertation has multiple goals all relating to understanding the composition of ultrafine par-

ticles in different environments, what this might indicate for the formation and growth processes

within this size range and how this may compare to larger particle sizes. The questions addressed

in this dissertation are detailed below, with their corresponding chapters shown:

Goals:

1. What is the composition of ultrafine particles in the Amazon Basin? How is the composition

influenced from local anthropogenic sources? How does the composition of ultrafine particle

compare to larger (>100 nm) particles? [Chapter II]

2. What is the composition of ultrafine sea spray aerosol (SSA) and what is the importance of

inorganic versus organic species in determining the composition? What influences ultrafine sea

spray aerosol composition? How does the composition of ultrafine sea spray aerosol compare

18



to larger (100 nm - 200 nm) particle sizes and what does this say about the particle generation

process? [Chapter III]

3. What is the composition of ultrafine secondary marine aerosol (SMA) and how does the

particle phase composition reflect the gas phase composition with respect to inorganic and

organic precursors? What types of organics continuously impact the organic composition of

ultrafine SMA over a biological bloom? [Chapter IV]

Chapter 2 describes measurements of ultrafine particle composition over a period of ten days in the

Amazon basin during the GoAmazon2014/5 campaign (see Paper I). HYSPLITT back trajectories

confirmed that differing air masses influenced aerosol properties observed at the site, from either a

biogenic origin from northern forested regions or anthropogenic origin from Manaus. In addition to

higher particle number concentrations being observed during time periods with anthropogenic air

mass influence, a higher fraction of particulate bisulfate was detected, likely due to the local emis-

sions of gaseous SO2 in Manaus. Of the positive-ion mode selected ions measured, 2-Methylfuran

was the most dominant species, linked to a thermal decomposition product of particulate-phase iso-

prene epoxydiol (IEPOX). Principal component analysis was performed on the TDCIMS-measured

ion abundance and on mass concentration data collected by the aerosol mass spectrometer (AMS),

the latter of which is representative of particles larger than the ultrafine size range (>100 nm). Dis-

tinct hierarchical clusters representing different influences emerged suggesting that different sources

or processes impact ultrafine aerosol particle formation compared to larger particulate sizes.

Chapter 3 assesses the composition of ultrafine sea spray aerosol (SSA) generated during the

SeaSCAPE campaign in 2019 (see Paper II). Mass fractions of inorganic and organic species were

calculated and suggest dependence on the biological activity of the ocean water. Of the organic

species measured, many were characteristic of polysaccharides and fatty acids, likely of bacterial

origin. Additionally, larger particles (100 - 200 nm) were measured via TDCIMS analysis and the

polysaccharide and fatty acid fragments identified in sub-100 nm particles were not detected for

larger particulate sizes, despite larger particulate mass collected. These results indicate that the

composition of sub-100 nm SSA is unique from larger sea spray particles. However, comparisons to
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AMS measurements show high correlation between organic fractions for both AMS and TDCIMS

measurements. These results paired together indicate that while the organic composition of sub-100

nm SSA is unique to larger particle sizes, similar sources and processing leads to the formation of

SSA between both size populations.

Chapter 4 additionally assessed the composition of ultrafine marine aerosol during the SeaSCAPE

campaign in 2019, focusing on aerosol produced through secondary processes coined secondary ma-

rine aerosol (SMA) (see Paper III). SMA was produced through equivalent one day of hydroxyl

radical oxidation of gaseous precursors emitted from biological sources. This work first investigated

the generation of ultrafine SMA relative to the presence of known gaseous precursors for secondary

formation of aerosol: dimethyl sulfide (DMS), dimethyl disulfide (DMDS), methanthiol (MeSH),

monoterpenes and isoprene. More ultrafine SMA was generated with a higher concentration of

sulfur-containing gas phase precursors. Higher sulfate and methanesulfonic acid concentrations in

ultrafine SMA were also observed during these periods of high sulfur-containing gas phase precursor

levels. Over the bloom, higher concentrations of gas phase organic precursors increased, like iso-

prene and monoterpenes, and the ultrafine SMA organic fraction increased as well. However, with

fewer sulfur containing precursors, fewer ultrafine SMA were generated as the bloom progressed

although particluate organic fractions increased with time. Additionally, we calculated the fraction

of species from neutralized salts, hypothesized to be formed through acid-base reactions which may

be crucial in marine environments during times of high biological activity. Significant fractions of

dimethylamine (DMA) and ammonium were measured early on in the bloom, which we hypothesize

was neutralized with particulate sulfuric acid, methanesulfonic acid, iodic acid and organic acids.

These measurements indicate that acid-base chemistry may impact the nucleation and growth of

secondary marine particles. Additionally, we characterized the common organic species measured

across the whole bloom. Common organics are organic species that were detected during both high

and low mass loading times, indicating that these species are critical in forming new particles re-

gardless of biological activity. Common organics between high and low biological times comprised of

oxidized organics with low volatilities, supporting the current understanding that ELVOCs impact
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particle formation and may be more critical in new particle formation during times of low biological

activity.
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Chapter 2

Chemical composition of ultrafine

aerosol particles in central Amazonia

during the wet season

2.1 Abstract

Central Amazonia serves as an ideal location to study atmospheric particle formation, since it often

represents nearly natural, pre-industrial conditions but can also experience periods of anthropogenic

influence due to the presence of emissions from large metropolitan areas like Manaus, Brazil. Ul-

trafine (sub-100 nm diameter) particles are often observed in this region, although new particle

formation events seldom occur near the ground despite being readily observed in other forested

regions with similar emissions of volatile organic compounds (VOCs). This study focuses on identi-

fying the chemical composition of ultrafine particles as a means of determining the chemical species

and mechanisms that may be responsible for new particle formation and growth in the region. These

measurements were performed during the wet season as part of the Observations and Modeling of

the Green Ocean Amazon (GoAmazon2014/5) field campaign at a site located 70 km southwest of
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Manaus. A thermal desorption chemical ionization mass spectrometer (TDCIMS) characterized the

most abundant compounds detected in ultrafine particles. Two time periods representing distinct

influences on aerosol composition, which we label as “anthropogenic” and “background” periods, were

studied as part of a larger 10 d period of analysis. Higher particle number concentrations were mea-

sured during the anthropogenic period, and modeled back-trajectory frequencies indicate transport

of emissions from the Manaus metropolitan area. During the background period there were much

lower number concentrations, and back-trajectory frequencies showed that air masses arrived at the

site predominantly from the forested regions to the north and northeast. TDCIMS-measured con-

stituents also show distinct differences between the two observational periods. Although bisulfate

was detected in particles throughout the 10d period, the anthropogenic period had higher levels

of particulate bisulfate overall. Ammonium and trimethyl ammonium were positively correlated

with bisulfate. The background period had distinct diurnal patterns of particulate cyanate and

acetate, while oxalate remained relatively constant during the 10d period. 3-Methylfuran, a ther-

mal decomposition product of a particulate-phase isoprene epoxydiol (IEPOX), was the dominant

species measured in the positive-ion mode. Principal component analysis (PCA) was performed on

the TDCIMS-measured ion abundance and aerosol mass spectrometer (AMS) mass concentration

data. Two different hierarchical clusters representing unique influences arise: one comprising ultra-

fine particulate acetate, hydrogen oxalate, cyanate, trimethyl ammonium and 3-methylfuran and

another made up of ultrafine particulate bisulfate, chloride, ammonium and potassium. A third

cluster separated AMS-measured species from the two TDCIMS-derived clusters, indicating differ-

ent sources or processes in ultrafine aerosol particle formation compared to larger submicron-sized

particles.

2.2 Introduction

Atmospheric aerosols are ubiquitous in the troposphere, and organics contribute a large fraction to

their chemical composition (Jimenez et al., 2009). Models continue to have difficulty estimating

the organic contribution to aerosols in regions with both biogenic and anthropogenic influence
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(Shrivastava et al., 2017). Anthropogenic emissions have increased with global population, and

the resulting influences of such emissions on secondary organic aerosol (SOA) formation continue

to be assessed (Hofmann, 2015). The reactive chemistry of organics in the presence of different

regulating species from urban sources, like sulfur dioxide (SO2) and oxides of nitrogen, remains

uncertain (Shrivastava et al., 2017), although recent efforts have successfully incorporated this

chemistry into air quality models simulated for the southeastern United States (Carlton et al., 2018).

Models are unable to predict the relationships between particle physicochemical properties and cloud

formation and precipitation (IPCC, 2014). Reducing this uncertainty requires an understanding of

the mechanisms by which particles form and grow in the atmosphere, which mostly determine the

potential of these particles to serve as cloud condensation nuclei (CCN).

The Amazon Basin is an ideal location to study how biogenic emissions, anthropogenic trace gases

and oxidants, and biomass burning impact the number and composition of atmospheric aerosol

particles. The Amazon Basin is one of the few remaining tropical regions on Earth in which near-

natural conditions, free of direct anthropogenic influence, can be found. It has been referred to as

the “Green Ocean”, since particle concentrations can be as low as those seen over the ocean, and,

like the marine atmosphere, small changes in particle properties can have a major impact on clouds

and climate (Andreae et al., 2004). While isoprene is the most abundantly emitted biogenic volatile

organic compound (BVOC), monoterpenes and sesquiterpenes are observed in amounts potentially

sufficient for influencing particle composition (Alves et al., 2016; Yáñez-Serrano et al., 2015; Yee

et al., 2018; Jardine et al., 2015) While on an annual basis, aerosol particle sources in the Amazon

Basin are dominated by the oxidation of BVOCs by OH and O3, in many parts of the Amazon,

anthropogenic emissions of trace gases and oxidants, as well as human-caused biomass burning, can

have a significant impact on shorter timescales (Martin et al., 2010; de Sá et al., 2018; de Sá et al.,

2019). Biomass-burning events, both for land clearing as well as pasture and cropland maintenance,

can produce particles at high number and mass concentrations. Increased urbanization in the

Amazon, for example in the city of Manaus, Brazil, with a 2017 population of 2.1 million, represents

a large emission source of both gases and particles and has led to increased regional transportation

infrastructure and resulting increases in oxides of nitrogen (NOx; IBGE and Statistics (2017)). The
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latter will have important implications on the reactive pathways of BVOCs and the formation of

SOA (de Sá et al., 2018). With the opportunity to observe aerosol particles under pristine conditions,

combined with the presence of growing urban centers and increased land use change that represent

significant regional sources of oxidants and other key trace gases, this region presents opportunities

for understanding both past and future drivers of atmospheric chemistry and climate.

Aerosol properties in the Amazon Basin show a seasonal dependence, reflecting seasonal variability

in emissions and deposition. During the wet season (December through March), the region is

dominated by natural emissions, as accumulation-mode (particle diameters between 0.1 and 2.5

µm) and coarse-mode (diameters above 2.5 µm) particles tend to be lower in concentration due to

wet deposition (Andreae, 2009). In the wet season, ambient particle number concentrations often

represent pristine, near-natural concentrations and are in the range of 300–600 cm3 (Zhou et al.,

2002). Previous measurements of particle number-size distributions in Amazonia during the wet

season show that ultrafine particles are present intermittently, most likely linked to times of local

pollution events, while both Aitken and the accumulation mode are continuously present (Zhou

et al., 2002). While the wet season episodically experiences high particle number concentrations,

the dry season (June through September) experiences higher number concentrations most of the

time, which can alter cloud microphysics, radiative effects and the hydrological cycle (Andreae

et al., 2002, 2004; Yamasoe et al., 2000). While it was previously thought that particle composition

during the dry period is dominated by biomass burning, recent measurements of submicron particle

(PM1) composition show a larger influence from BVOCs due to decreased wet deposition, resulting

in positive feedbacks on oxidants and emissions (de Sá et al., 2019). Seasonal variations in isoprene,

sesquiterpenes and monoterpenes have been measured, with higher mixing ratios in the dry season

(Alves et al., 2016). Additionally, with the lack of rainfall, in-basin pollution may be more prevalent,

especially in areas downwind of cities and settlements (Martin et al., 2010).

Unlike in other forested regions, particles with a diameter smaller than 30 nm are rarely observed

over the Amazon Basin, suggesting that new particle formation events seldom occur near the ground

(Martin et al., 2010). In other regions, new particle formation has been seen to occur during the

daytime under sunny conditions, suggesting that both boundary layer dynamics and photochemistry
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are important factors (Bzdek et al., 2011). Rizzo et al. (2018) recently analyzed 4 years of particle

size distributions acquired at the TT34 tower site located 60 km northwest of Manaus. Regional new

particle formation and growth events were detected in only 3% of total days observed, whereas bursts

of ultrafine particles that lasted as least an hour occurred on 28% of the days. Those “burst events”

were equally likely to occur during the daytime as during the night, and the authors hypothesized

that daytime events were caused by interrupted photochemical new particle formation, whereas

nocturnal events might be due to emissions and/or fragmentation of primary biological particles.

Recent airborne observations in the Amazon suggest that particle nucleation and growth can be

initiated in the upper troposphere, with upwelling air masses transporting reactants into the free

troposphere and downwelling air masses transporting aerosol particles and condensable compounds

back into the boundary layer, where particles can continue to grow via condensation and coagulation

(Andreae et al., 2018; Fan et al., 2018; Wang et al., 2016). Once formed, ultrafine particles can

be key participants in a variety of atmospheric processes. One example of this is the subject of

a recent study by Fan et al. (2018), who have suggested that ultrafine particles can increase the

convective intensity of deep convective clouds. High concentrations of ultrafine particles, when

present with high water vapor concentrations that are typical in the Amazon atmosphere, can form

high concentrations of small cloud droplets that release latent heat and thereby result in more

powerful updraft velocities.

While recent research provides some clarity on the origin, transport and climate impacts of ultrafine

particles in the Amazon, very little is known about the chemical composition of these particles.

Globally, measurements show that a major component of atmospheric ultrafine aerosol is organic

compounds produced from BVOC oxidation (Bzdek et al., 2011; Riipinen et al., 2012; Smith et al.,

2008a). Many of these direct measurements of the composition of atmospheric ultrafine particles

have been performed using the thermal desorption chemical ionization mass spectrometer (TDCIMS;

Voisin et al. (2003)). For example, TDCIMS measurements performed outside of Mexico City

attribute about 90% of the growth of freshly nucleated particles to oxidized organics (Smith et al.,

2008a). In the boreal forest of Finland, the contribution of oxidized organics is close to 100%, and

an analysis of composition suggests that marine emissions can play an important role in that process
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(Lawler et al., 2018). For the smallest particles measurable by TDCIMS, with diameters from 8

to 10 nm, between 23% and 47% of the constituents may be derived from organic salt formation,

a reactive uptake mechanism that requires the presence of strong bases such as gas-phase amines

(Smith et al., 2010a).

Similar to other parts of the world, particles in the Amazon Basin are typically composed of

70%–80% organics by mass in both the fine and coarse size ranges (Graham et al., 2003). The

composition of ultrafine particles has not been directly measured, although one study has proposed

that the major component could be oxidized organics that have condensed onto potassium salt-rich

primary particles emitted from active biota (Pöhlker et al., 2012). An understanding of the origin

and chemical composition of ultrafine particles in the Amazon gives insight into their formation

and growth processes. To improve on modeling the coupling of chemistry and climate in this sen-

sitive region, incorporating accurate representations of particle formation and growth processes is

required.

The most recent, and currently the largest, field campaign for studying the Amazon atmospheric

chemistry and cloud processes was the Observations and Modeling of the Green Ocean Amazon

(GoAmazon2014/5) experiment, which took place outside of Manaus from 1 January 2014 to 31

December 2015 (Martin et al., 2016). Two intensive observational periods (IOPs) were carried out

during GoAmazon2014/5, corresponding to wet and dry seasons in 2014. This paper explores the

chemical composition of ultrafine particles observed by TDCIMS during IOP1, which took place

from 1 February to 31 March 2014. Specifically, we focus on 10 consecutive days that experienced

air masses from both remote, primarily forested regions and the large metropolitan region of Man-

aus. This study investigates the influence of anthropogenic and biogenic emissions on the chemical

composition of ultrafine particles in this region, from which one can infer the chemical processes that

led to the formation and growth of ambient ultrafine particles in this region. The time evolution of

select compounds in ambient ultrafine particles is analyzed, and compared to AMS measurements,

using principal component analysis (PCA) in order to gain additional insights into the contribution

of various emission sources to ultrafine-particle composition.
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2.3 Experimental

2.3.1 T3 Site Description

All data presented were collected at the T3 site (3.2133S, 60.5987W), located 70 km west of Manaus,

Brazil, during the GoAmazon2014/5 campaign (Martin et al., 2016). The T3 site is located within

pasture land located 10 km northeast of Manacapuru, Brazil. The site included the Atmospheric

Radiation Measurement (ARM) Mobile Facility no. 1 (AMF-1), the ARM Mobile Aerosol Observing

System (MAOS), and four modified shipping container laboratories containing instruments deployed

by universities and other research organizations.

2.3.2 Thermal desorption chemical ionization mass spectrometry

Ambient ultrafine-particle composition was characterized using TDCIMS. TDCIMS is an instrument

designed specifically for the measurement of the molecular composition of size-resolved ultrafine

aerosol particles (Smith et al., 2004; Voisin et al., 2003). In brief, sampled atmospheric particles

are charged by a unipolar charger and are collected via electrostatic deposition on a platinum (Pt)

filament over varying collection times. During this campaign, collection times were either for 1h or

30min, depending on the anticipated sample mass. A typical sample mass collected on the filament

ranged from 10 to 100ng. After collection, the filament was moved into an atmospheric pressure

chemical ionization source region and resistively heated to desorb the particulate-phase compo-

nents. These desorbed components were chemically ionized and detected using a quadrupole mass

spectrometer (Extrel Corp.). A zero-air generator (Parker Hannifin, model HPZA-3500) provided

the source of reagent ions (H2O)nH
+ and (H2O)nO

−
2 (n=1–3); TDCIMS operation with these ion

chemistries is referred to as either the positive- or negative-ion mode, respectively. Complete mass

spectra of desorbed compounds were obtained at the beginning of IOP1 (Fig. A.1 in the Supple-

ment) to determine ions with the highest ion abundances. These ions were then measured for the

duration of the campaign by operating the quadrupole mass spectrometer in “selected-ion mode”, in
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which the quadrupole mass spectrometer rapidly switched among approximately 12 ions to optimize

sensitivity with high temporal resolution.

Both positive- and negative-ion-mode chemical analyses were performed during the two IOPs and

are publicly available on the campaign data archive (Smith, 2016). During IOP1, several days of

measurements were impacted by intermittent power outages and brownouts. IOP2 was charac-

terized by comparatively lower concentrations of ultrafine particles, which is consistent with prior

observations (Martin et al., 2010; Rizzo et al., 2018). Because of this, we focus our analysis on

10 consecutive days during IOP1 when instruments were operating consistently. This period also

happened to coincide with the arrival of two distinct and consecutive air masses, which allows for

more accurate side-by-side comparison of aerosol properties during these periods.

Ambient particles were sampled through 3 m of Cu tubing with a 0.63cm inside diameter. The

inlet extended 0.5 m above the roof of the laboratory and was curved downward and covered with a

screen to prevent rain and insects from entering. Ambient particles during GoAmazon2014/5 were

not size-selected prior to collection on the filament because of low ambient concentrations. The

collection process, however, is inherently dependent on particle mobility (McMurry et al., 2009).

In order to determine the size-dependent collection efficiency, tests were run at the start of the

campaign by generating and collecting ammonium sulfate particles in the diameter range of 8–90

nm. The size-dependent TDCIMS sampling collection efficiencies were used to determine the volume

mean diameter and estimated mass of each sample, as described in Smith et al. (2004).

2.3.3 Meteorological data and complementary datasets

To complement the TDCIMS dataset, high-resolution time-of-flight aerosol mass spectrometry

(AMS; Aerodyne, Inc.) was used to characterize non-refractory compounds in PM1 at the T3

site (ARM, 2018a; de Sá et al., 2018). A seven-wavelength aethalometer was located at MAOS and

measured black-carbon mass concentration (ARM, 2018b). The planetary boundary layer height

(ARM, 2018c), determined using the Heffter number method (Heffter, 1980), was measured at
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MAOS. A scanning mobility particle sizer (ARM, 2018d) determined the number-size distributions

spanning the mobility diameter range of 10–460 nm. Wind direction, wind speed, relative humid-

ity, temperature and rainfall were measured at AMF-1 (ARM, 2018e). Six hour back-trajectory

frequency simulations were determined for the time period of interest using the NOAA HYSPLIT

transport model, which uses the GDAS 1 meteorology (Rolph et al., 2017; Stein et al., 2015).

2.3.4 Principal component and hierarchical cluster analyses

PCA was performed using the “princomp” function of the R statistical software package (R, 2011). A

hierarchical cluster analysis was performed using Ward’s averaging method in the “hclust” function

in R. Ward’s minimum variance method of hierarchical clustering was used, which groups species

within the same cluster to minimize the total variance (Wilks, 2011). The purpose of this analy-

sis is to identify species or groups of species that may have unique sources, trajectories or other

physicochemical characteristics. Cluster analysis was done for the following TDCIMS negative- and

positive-ion-mode species: C2H4N (m/z 42), C2H3O
−
2 (m/z 59), HSO−

4 (m/z 97), Cl (isotopes m/z

35 and 37), HC2O
−
4 (m/z 89), NH+

4 (H2O) (m/z 36), K+ (m/z 39 and 41), C3H10N
+ (m/z 60),

C5H7O
+ (m/z 83), C5H8NO+ (m/z 98) and C7H9O

+
2 (m/z 125). Cluster analysis was also done

for the following AMS species: organic, ammonium, nitrate, sulfate and chloride. A separate cluster

analysis was performed for quality assurance and demonstrated that the three clusters presented in

Sect. 3.3 are statistically significant and different from one another.

2.4 Results and Discussion

2.4.1 Meteorological data and classification of air masses

The 10 consecutive days that are the focus of this study can be characterized by two distinct air

mass types, as determined from meteorological data and AMS-derived positive matrix factorization
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Figure 2.1: Meteorological data from the T3 site, showing planetary boundary layer height
(green), rainfall (light blue), relative humidity (dark blue), temperature (red), wind direction
(purple), wind speed (black) and total number concentration of sub-100 nm particles (N100;
dark green). The highlighted yellow bars signify daylight hours (10:00–22:00UTC). The par-
ticle number-size distribution contour plot shows size distribution function (particles/cm3)
for particle sizes between 10 and 400 nm.

(PMF) factors (de Sá et al., 2018). The first period, referred to as the anthropogenic period, was from

14 March to mid-morning on 19 March, and the second period, the background period, was from mid-

morning on 19 March to 24 March. The AMS-derived biomass-burning factor (BBOA), associated

with levoglucosan, and the anthropogenically dominated factor (ADOA), associated with mass

fragment 91 or “91fac” (C7H
+

7 ), were as much as 3 times larger during the anthropogenic period than

background period (de Sá et al., 2018). Anthropogenic influence during this campaign, as determined

using ADOA, most strongly resembled cooking emissions. Correlations between ADOA; cooking

emissions; aromatics like benzene, toluene and xylene; and increased particle counts verify the link
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to anthropogenic influence from Manaus (de Sá et al., 2018). The particle number-size distribution,

shown in Figure 2.1, for the anthropogenic period saw higher number concentrations of particles

over the diameter range of 10–100 nm (N100). Particle size distributions for the background period

were comparable to previous measurements in the Amazon Basin, featuring a bimodal distribution

with peaks at roughly 50 and 150 nm and peak concentrations of approximately 103 particles/cm3

(Fig. A.2; Artaxo et al. (2013); Gunthe et al. (2009); Pöhlker et al. (2012); Rizzo et al. (2018)).

The average total mass concentration as determined by AMS for the anthropogenic period was

2.5±0.9 µg/m3. The T3 site experienced approximately 4 h of rain on 19 March, ending at about

noon UTC (all times are presented as UTC time, which is 4h ahead of local time), and the first

and only new particle formation event of this 10 d period was observed. After this event on 19

March, number concentrations of particles were, on average, much lower than the prior period. The

average total mass concentration for the background period was determined to be 1.2±0.8 µg/m3. A

similar trend in total mass concentration between background and polluted conditions was observed

during the Southern Oxidant and Aerosol Study (SOAS), where larger particle mass concentrations

were observed during times with polluted air mass influence and, when followed by a period of

rainfall, smaller mass concentrations were observed (Liu and Russell, 2017). Occasional rainfall was

seen during the background period, resulting in wet deposition of aerosol particles. Additionally, a

back-trajectory analysis, presented next, provides a more likely reason for these two distinct periods.

Wind direction data shown in Figure 2.1, as well as NOAA HYSPLIT data shown in Figure 2.2,

suggest a reason for the two distinct periods. Back trajectories show that air masses during the

anthropogenic period either pass through Manaus or south of Manaus prior to arrival at the T3 site.

During this period, air masses most frequently passed over the main roadway that connects Manaus

with Manacapuru, a neighboring city with a population of 93,000. Along this roadside are homes,

agriculture and brick kilns, all of which contribute to local gas and particle emissions. In contrast,

during the background period, air masses arrived at the T3 site most frequently from the northeast

and west. Air masses that were measured at the site typically originated from densely forested

regions northeast to west of Manaus. Less frequent were periods where air masses reaching the

site originated from the east and were influenced by the Manaus metropolitan area. For example,
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Figure 2.2: Back-trajectory frequencies performed using HYSPLIT, showing the different air
masses that travel to the T3 site during the anthropogenic period and background period.
For each period, 20 trajectories were used to determine integrated frequencies spanning the
5d of each period (14–19 March for the anthropogenic and 20–25 March for the background
period). Each trajectory duration was 72h. The color scale indicates the frequency of which
air masses pass over that area, with the warmer color indicating that the area is more
frequently passed over.

during the evening of 21 March there was a period of increased number concentration, and as winds

were quite stagnant at night, it is possible that a local emission source could have impacted the site

during that period. Wind direction on this day corresponded with air masses arriving to the T3

site from the Manaus area.

Estimated masses of ultrafine particles sampled by TDCIMS were determined and compared for

the two periods (Fig. A.3). During the anthropogenic period there was no distinct diurnal pattern

observed, with an average of ~100ng per sample. This lack of a diurnal pattern in the sampled

particles suggests that sources or processes that are responsible for these particles could have per-

sisted throughout the day and night or could be from different processes that persisted both day

and night. In contrast to this, the background period has a diurnal peak in estimated mass collected

between 18:00 and 22:00 UTC, with sampled masses of ~70 ng per sample. The minimum sample

sizes occurred in the early morning, when averages reached as low as 16 ng per sample. Peaks in

collected mass during the early afternoon could be linked to photochemically produced sources and

appear to be unique to the background period. Assuming that the background contribution to the
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mass of particles remains constant between each time period, the average mass loading of ultrafine

particles increased by a factor of 3 due to anthropogenic influence (Fig. A.3).

2.4.2 Ultrafine-particle chemical composition

Figure 2.3: (a) The negative-ion fraction and positive-ion fraction shown over the 10 d
period of interest. (b) Diel patterns of the five measured negative ions shown and of the four
major positive ions; “other” refers to sum of fractions of m/z 125 and m/z 98. The crosses
are average values, the boxes show 25th and 75th percentiles as well as medians, and the
whiskers show maximum and minimum values. Signals are averaged between the 2h time
blocks noted. Highlighted region denotes daylight hours.
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The five most abundant negative ions, as observed in full mass spectra (Fig. A.1) taken at the start

of the wet season campaign, are attributed to CNO– (cyanate, m/z 42), C2H3O
–

2 (acetate, m/z 59),

HSO –
4 (bisulfate, m/z 97), Cl– (chloride, isotopes m/z 35 and 37) and HC2O

–
4 (hydrogen oxalate,

m/z 89). The six most abundant positive ions measured were attributed to NH +
4 (H2O) (ammonium

hydrate, m/z 36), K+ (potassium, isotopes m/z 39 and 41), C3H10N
+ (trimethyl ammonium, m/z

60), C5H7O
+(protonated 3-methylfuran, m/z 83), C5H8NO+ (m/z 98) and C7H9O

+
2 (m/z 125).

We will refer to C5H8NO+ (m/z 98) and C7H9O
+

2 (m/z 125) collectively as “other” in our positive-

ion-mode analysis, as these were minor components. The major isotopes of chloride were measured

in order to understand the role chloride may have had on particle formation, with potential influence

from marine aerosol and fungal spores (Pöhlker et al., 2012). Potassium (isotopes m/z 39 and 41) was

measured during positive-ion-mode analysis to determine the potential influence of potassium-rich

primary biological particles (China et al., 2016; Pöhlker et al., 2012). Additionally, potassium-

rich particles have been linked to biomass burning, as potassium is found to be associated with

soot carbon (Andreae, 1983; Pósfai et al., 2004). Mass-normalized ion abundances, defined as

ion abundance divided by the collected sample mass, for the five most abundant negative ions

displayed similar diurnal patterns within each period. During the anthropogenic period, peaks in

mass-normalized ion abundance were observed for all measured species between 06:00 and 08:00

and 16:00 and 18:00. For the background period, there was no sharp peak observed between 16:00

and 18:00 for any of the five measured species, but there was a peak in the diurnal pattern between

06:00 and 08:00 for m/z 42, m/z 59 and m/z 89 (Fig. A.4). Diurnal trends in mass-normalized ion

abundances give little insight, per se, into sources of individual ions, but it is interesting to note

that ion abundances are typically the lowest when the sample mass is largest. A potential reason for

this is that TDCIMS is not sensitive to the specific compounds present in these ultrafine particles

when the mass loading is highest. This could be true, for example, if refractory black carbon is the

main constituent during the period of the highest sampled mass, as chemical ionization would be

unable to detect these compounds. Since the diurnal patterns of all individual ions are similar, a

comparison of ion fractions, defined as ion abundance divided by the sum of the total ion abundances

measured at the time of analysis, provides a measurement of ion concentration in collected particles

and shows distinct differences between the background and anthropogenic periods.
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Figure 2.3a shows the trend in ion fraction for the five most abundant negative ions and four most

abundant positive ions during the 10d period of analysis. During the anthropogenic period, the

observed bisulfate ion (m/z 97) fraction was larger than during the background period. Of the

ions measured, bisulfate is the predominant indicator of urban influence. The bisulfate anion has

been previously noted in TDCIMS analysis as a stable ion formed from the thermal desorption of

particulate sulfate (Voisin et al., 2003), and it is likely that emissions from Manaus could serve as

the major source for sulfate found at the T3 site. Thus as air masses during the anthropogenic

period primarily traveled from, or to the south of, Manaus, bisulfate is expected to have a higher

measured ion fraction. Additionally, in-basin emissions of various gaseous precursors like dimethyl

sulfide and hydrogen sulfide could contribute to particulate sulfate of non-anthropogenic origin,

as bisulfate was measured during the whole 10d period of interest, even without observed direct

influence from Manaus. When the bisulfate ion was the largest of the negative ions, the largest

fractions of ammonium (m/z 36) and trimethyl ammonium (m/z 60) in the positive-ion mode were

observed as well. Additionally, the largest chloride (m/z 35) signal was observed at the beginning

of this period, reaching a maximum of about 10% of the total ion fraction on 14 March. During

the background period, the ion fraction of hydrogen oxalate (m/z 89) remained relatively constant,

averaging 31%±5% of the total ion fraction. Diurnal patterns of these ion fractions, shown in Figure

2.3b, show small diurnal variations for most of the observed ions. The diurnal pattern of m/z 42

(cyanate) peaks between 10:00 and noon and both m/z 59 and m/z 89 show slight decreases between

10:00 and noon as well. Roughly 70% of measurements over both periods had potassium (m/z 39

and 41) ion fractions less than or equal to 20% of the total positive-ion fraction, with few “potassium

episodes” of higher abundance observed.

Interestingly, m/z 42 was the most abundant ion present in TDCIMS spectra. Due to its even mass-

to-charge ratio, this ion almost certainly contains nitrogen. This ion distinguishes itself from other

detected compounds by a peak in ion fraction during the morning (Figure 2.3b). Prior TDCIMS

measurements during the 2006 MILAGRO campaign in the Mexico City metropolitan area detected

m/z 42 as a major ion fragment in sub-20 nm diameter particles; that ion was identified as cyanate

(CNO), which may be linked to isocyanic acid from biomass burning or industrial processes (Smith

36



et al., 2008a). The m/z 42 fragment observed in this study is not likely of anthropogenic origin,

since this ion was observed during very clean periods when we expect anthropogenic emissions and

biomass burning to be low. In addition, TDCIMS-measured m/z 42 during the dry season did

not show an increase in ion intensity relative to the wet season Smith (2016), which one might

expect if this ion were sourced to biomass burning. We hypothesize that this ion is cyanate (CNO),

which we associate with organic nitrogen related to aerosol formation from biogenic emissions of

volatile organic compounds (VOCs). Natural emissions of amino acids, water-soluble organic species

and other proteinaceous biogenic materials have been measured in the gas phase, particle phase and

precipitation across the globe and have been estimated to account for as much as half or more of the

bulk aerosol composition over the Amazon Basin (Artaxo et al., 1988, 1990; Kourtchev et al., 2016;

Mace et al., 2003; Zhang and Anastasio, 2003). While all prior field measurements in the Amazon

Basin have been made on particles larger than those measured in this study, similar sources may

influence ultrafine-particle composition. If true, these observations suggest that organic nitrogen

compounds play a crucial role in both ultrafine-particle formation as well as growth to large particles,

which make this mechanism for particle growth climatologically important in this region.

Of the measured positive-ion species, m/z 83, linked to 3-methylfuran or other C5 oxidized volatile

organic compounds, dominated the ion fraction in ultrafine particles. Methylfuran has been observed

to be produced as a thermal decomposition product of isoprene-derived SOA via AMS measurements

(Allan et al., 2014), a process that would likely also occur during TDCIMS analysis. Airborne

observations in the Amazon suggest that isoprene SOA can be formed in the boundary layer under

certain conditions, which is confirmed by these observations (Allan et al., 2014). Since this ion

is a marker of isoprene epoxydiol (IEPOX) species present in the particle phase, this confirms a

role for isoprene and isoprene derivatives in the growth of ultrafine particles. Little variability in

the diel pattern for m/z 83 is observed, similar to other particle-phase measurements of IEPOX

derivatives reported for the GoAmazon2014/5 campaign by Isaacman-VanWertz et al. (2016). In

that study, weak diurnal patterns for particle-phase isoprene oxidation products were also observed

even while gas-phase concentrations of these species increased in the afternoon. It is important to

note that this ion dominates the positive-ion fraction during both the anthropogenically influenced
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and background-influenced periods. Times that experienced lower fractions of m/z 83 had increased

fractions of ammonium and trimethyl ammonium, which also coincided at times with larger amounts

of measured bisulfate in the negative ions. The presence of larger fractions of particulate ammonia

and amines at times with less influence from isoprene-derived species could indicate that both organic

salt formation and uptake of isoprene-derived products are possible mechanisms of ultrafine-particle

growth. The importance of organic salt formation in growth is consistent with prior TDCIMS

measurements (Smith et al., 2010a), although a quantitative comparison cannot be made, since this

current study focuses on sub-100 nm diameter particles, whereas the prior study focused on size-

resolved sub-15 nm ambient particles. One period of an elevated potassium ion ratio was observed

at the end of the day on 22 March. To differentiate between potential sources of potassium in

these ultrafine particles, whether they be of primary biological or biomass-burning influence, mass

concentrations of black carbon during this 10d period of interest were used to examine the extent

of influence of biomass burning on the presence of potassium (Fig. A.5). During the anthropogenic

period, with significantly elevated concentrations of black carbon, a minimal potassium fraction was

measured. At times of low black-carbon mass concentrations during the background period, like on

20 March, there was some fraction of potassium observed. During the period of the highest fraction

observed on the night of 22 March, there were slightly elevated mass concentrations of black carbon.

While partially elevated black-carbon mass concentrations on 22 March may be connected to the

large potassium ion fraction, at times with even more significant biomass-burning influence, there

was minimal potassium. The larger fraction of potassium observed during the background period, as

opposed to the anthropogenic period, may be connected to potassium-rich biological particles or the

rupturing of biological spores (China et al., 2016; Pöhlker et al., 2012). Of all wet season TDCIMS

measurements during GoAmazon2014/5, roughly 14% of measurements had potassium fractions

greater than 0.1 (Fig. A.6). Air masses on the evening of 22 March were traveling steadily from

the Manaus area and coincided with about 5mm of rain. High ambient concentrations of biological

particles that could be sources of potassium are often associated with rainfall events (China et al.,

2016). Rupturing of fungal spores, leading to the production of sub-100 nm fragments, was observed

to occur after long exposures (above 10 h) of high relative humidity and subsequent drying, which

are similar conditions to those on 22 March.
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2.4.3 Multivariate analysis of TDCIMS and AMS data

Figure 2.4: Principal component analysis (PCA) of TDCIMS and AMS data. Refer to text
for details on the interpretation of these plots. Shown are PCA results in which species are
grouped into hierarchical clusters, with clusters outlined by weighted black lines. Species
are ordered by decreasing correlation to the first principal component, from the top to
bottom. TDCIMS chemical assignments for fragments are m/z 89 (hydrogen oxalate), m/z
59 (acetate), m/z 42 (cyanate), m/z 60 (trimethyl ammonium), m/z 83 (3-methylfuran), m/z
36 (ammonium hydrate), m/z 97 (bisulfate), m/z 35 (chloride) and m/z 39 (potassium).

PCA was performed on TDCIMS and AMS measurements to provide insights into the possible

drivers for ultrafine-particle formation. Figure 2.4 shows the results of this analysis. In these plots,

positive correlations are shown in blue, while negative correlations are shown in red. The intensity

of the color and eccentricity of the ellipse are an indication of the degree of correlation. Pale-colored

circles (eccentricity approximately zero) show little to no correlation, narrow ellipses with a positive

slope and darker blue color illustrate strong positive correlation, and narrow ellipses with a nega-

tive slope and darker red color show strong negative correlation. Hierarchical clustering of these
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measurements results in three main clusters of related particle constituents. This represents a series

of clusters where the species within each cluster covary, therefore being indicative, in this work, of

similar particle characteristics, processes or sources. The first cluster, labeled “Cluster 1” in Figure

2.4, grouped TDCIMS-derived cyanate (m/z 42), acetate (m/z 59), hydrogen oxalate (m/z 89),

trimethyl ammonium (m/z 60) and 3-methylfuran (m/z 83); the second, labeled “Cluster 2”, clus-

tered well-known covarying AMS derived constituents (Ulbrich et al., 2009); and the third, labeled

“Cluster 3”, associated AMS-derived chloride with TDCIMS-derived chloride (m/z 35), bisulfate

(m/z 97), ammonium hydrate (m/z 36) and potassium (m/z 39). The hierarchical cluster approach

independently grouped and separated AMS measurements from TDCIMS measurements. While

both represent composition measurements of the aerosol population, the differences between the

size ranges of particles measured by AMS and TDCIMS techniques would lead to the anticipated

differences in clustering. Comparing mass distributions estimated by size distribution measure-

ments, the presence of particles larger than 100 nm would have a more significant contribution to

the measured mass concentrations by AMS. In contrast, TDCIMS only measures sub-100 nm par-

ticles, representing a minor contribution to the total mass concentration. This observed separation

between the clustering of AMS and TDCIMS measurements reinforces the importance of direct

measurements of ultrafine particles, as opposed to bulk composition, in accessing the species and

mechanisms responsible for new particle formation.

With respect to PCA performed on the two datasets, Cluster 1, which includes TDCIMS fragments

typically linked to organic species (m/z 59, 89 and 83) and nitrogen species discussed previously

(m/z 42 and 60), explains most of the variance and has the highest correlation with the first prin-

cipal component. These species’ high correlation with each other indicate similar sources, most of

which can be associated with BVOC emissions. A prior TDCIMS laboratory study linked the ac-

etate ion fragment (m/z 59) to particulate carboxylic and dicarboxylic acids (Smith and Rathbone,

2008), which have been linked to the photochemical oxidation of both biogenic and anthropogenic

compounds (Winkler et al., 2012). During the wet season in the Amazon Basin, specific dicar-

boxylic acids and tricarboxylic acids have been identified and proposed to have been formed from

the oxidation of semi-volatile fatty acids and terpenes (Kubátová et al., 2000). Hydrogen oxalate,
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measured as m/z 89, was one of the two most abundant organic ions measured in ultrafine particles

at both an urban and rural site in Helsinki, Finland (Pakkanen et al., 2000). Hydrogen oxalate

was noted to have relatively constant concentrations in ultrafine particles, similar to observations

seen during the 10 d period of analysis for this study (Figure 2.3). While Helsinki and the Amazon

experience different conditions and meteorology, oxalate has been observed in both environments,

possibly due to the heavy BVOC influence in both locales. In the positive-ion mode, 3-methylfuran,

measured as m/z 83, has significant correlation to background linked negative ions. These species

seem to be generally linked to the oxidation of various BVOCs, whether isoprene, for 3-methylfuran,

or other terpenes (Allan et al., 2014). Finally, it should be noted that the clustering of the cyanate

(m/z 42) with these organic ions provides further evidence that the source of this ion is likely clean,

background chemistry rather than biomass burning. Additionally, TDCIMS-measured cyanate (m/z

42) is weakly and negatively correlated to AMS-measured nitrate. During the anthropogenic pe-

riod (14 March through mid-morning 19 March), higher levels of inorganic nitrate were observed

by AMS compared to the organic form (de Sá et al., 2018). This higher mass concentration of

nitrate, attributed to inorganic nitrate as opposed to organic nitrate which would be more similar

to TDCIMS-measured cyanate, should explain the slight negative correlation between the two.

Hierarchical clustering separates TDCIMS-measured ions into two clusters, with Cluster 3 including

TDCIMS-derived bisulfate (m/z 97), chloride (m/z 35 and 37), ammonium hydrate (m/z 36) and

potassium (m/z 39 and 41). The separation of this cluster suggests that these constituents are

linked to different sources or atmospheric processes compared to those in Cluster 1, potentially with

an anthropogenic origin, as both chloride and potassium and bisulfate have been linked previously

to biomass burning and anthropogenic emissions, respectively (Allen and Miguel, 1995; Martin

et al., 2010). As noted previously, the bisulfate anion is a stable ion formed from the thermal

desorption of particulate sulfate (Voisin et al., 2003), and it is likely present in ultrafine particles

via pollution emissions from Manaus. However, in-basin emissions of gaseous sulfate precursors,

like dimethyl sulfide and hydrogen sulfide, could be linked to the measured bisulfate fraction during

the entire 10 d period, with anthropogenic sources of sulfate increasing this background level during

the anthropogenic period. In-basin chloride emissions could come from both biomass burning of
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common regional vegetation and long-range transport of marine ultrafine particles from the Atlantic

Ocean under the influence of the trade winds (Allen and Miguel, 1995; Martin et al., 2010) The

clustering of AMS chloride with TDCIMS species in Cluster 3 might suggest similar sources of

chloride in both ultrafine particles and PM2.5. However, it is worth noting that AMS chloride also

very weakly correlated with the other species measured by AMS. For this reason, its inclusion in this

cluster indicates that AMS chloride is similar to TDCIMS-derived Cluster 3 species and also different

enough so as not to cluster with the other AMS species. The production of potassium, which is

potentially linked to rupturing of fungal spores and biomass burning, would have little correlation to

other measured TDCIMS species, as the mechanism for the production of potassium is independent

of SOA formation mechanisms. This ion is not generally associated to constant background sources,

like TDCIMS species observed in Cluster 1, and may be associated with potential anthropogenic

sources, like the bisulfate and chloride seen in Cluster 3. The clustering of TDCIMS ion abundances

into two clusters suggests different sources and processes for these species, as there is little correlation

between the species present in Cluster 1 to those present in Cluster 3.

2.5 Conclusions

The chemical composition of ultrafine particles in the Amazon Basin, as measured during the GoA-

mazon2014/5, has two distinct influences: sources and processes linked to anthropogenic origin and

those related to more natural sources and processes. During periods of heavier anthropogenic influ-

ence, higher number concentrations of sub-100 nm particles were observed (Figure 2.1). HYSPLIT

back trajectories during the anthropogenic period (Figure 2.2) not only intersect with the Manaus

metropolitan area but also with the main roadway that connects Manaus with the city of Manaca-

puru. Influence from anthropogenic sources, which during the study period is primarily linked to

Manaus metropolitan area emissions, may continuously affect the composition of ultrafine particles

observed at the T3 measurement site. Particulate sulfate, measured as the bisulfate ion, was an

important and dominant contributor to the TDCIMS ion fraction during the anthropogenic period

(Figure 2.3) but was still measured, to a lesser extent, in the background period, suggesting an
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omnipresent influence. The most abundant negative-ion species measured during this campaign,

likely related to organic nitrogen species at m/z 42, displayed a consistent morning diurnal peak

and was an equally abundant constituent during both the anthropogenic and background periods.

The dominance of this ion during both this study and the 2006 MILAGRO campaign in the Mexico

City metropolitan area emphasizes the potential role of organic nitrogen in ultrafine aerosol particle

formation and underscores the need for further research into the chemical processes and precursors

that are responsible for this ion. 3-Methylfuran, measured as m/z 83, was the most dominant frac-

tion observed in the positive-ion mode and is likely associated with IEPOX derivatives present in

ultrafine particles. The presence of these species emphasizes the importance of isoprene oxidation

to particle formation in this region. The two different clusters of TDCIMS-derived ions that arise

through PCA analysis, of which Cluster 1 explains most of the variance, give additional insight into

the sources and processes that influence the ultrafine-particle population in this part of the Amazon

Basin. As hierarchical clustering separates TDCIMS-derived organic species from TDCIMS-derived

sulfate and chloride, this suggests that these species are present in the particle from different sources

and/or processes. A third cluster separates AMS-measured compounds from those detected by TD-

CIMS, which emphasizes the unique characteristics of ultrafine particles compared to bulk aerosol

particles. The lack of correlation between the two TDCIMS-derived clusters supports the observa-

tion that anthropogenic emissions and processes each have a unique role to play in ultrafine-particle

formation and growth in the Amazon Basin.
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Chapter 3

Chemical Composition of Ultrafine Sea

Spray Aerosol during the Sea Spray

Chemistry and Particle Evolution

(SeaSCAPE) Experiment

3.1 Abstract

Sea spray is a significant global aerosol source with impacts on marine cloud formation and cli-

mate. The physical properties and atmospheric fate of sea spray aerosol depend on its chemical

composition, but the current understanding of the sources and composition marine aerosol or sea

This is an Accepted Manuscript of an article that will be published in ACS Earth and Space Chemistry.
Glicker, H. S., Chee, S., Garofalo, L. A., Petras, D., Farmer, D. K., Lawler, M. J. and Smith, J. N.:
Chemical Composition of Ultrafine Sea Spray Aerosol during the Sea Spray Chemistry and Particle Evolution
(SeaSCAPE) Experiment, ACS Earth Sp. Chem., accepted, 2022.
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spray aerosol composition remains limited particularly for the smallest aerosol. The composition

of ultrafine (< 100 nm diameter) sea spray aerosol (SSA) particles controls the critical diameter

for activation to cloud droplets. This study presents online measurements of sea salt and organic

mass fractions in ultrafine sea spray aerosol measured during the Sea Spray Chemistry and Particle

Evolution (SeaSCAPE) experiment conducted in summer 2019 at Scripps Institution of Oceanog-

raphy. Primary sea spray aerosol particles were generated in a wave flume mesocosm study with

coastal seawater obtained from Scripps Pier in San Diego, CA. Ultrafine particle composition mea-

surements were performed using the Thermal Desorption Chemical Ionization Mass Spectrometer

(TDCIMS). Trends in inorganic and organic fractions show dependence on the biological activity

of the ocean water, where heterotrophic bacteria concentrations were correlated with organic mass

fraction of ultrafine sea spray aerosol. At low phytoplankton concentrations, ultrafine sea spray

particles were mainly composed of inorganic salts. Characteristic positive ion fragments indicate

influence from polysaccharides and fatty acids likely of bacterial origin in the smallest sizes. In con-

trast, polysaccharide and fatty acid species were below detection levels in TDCIMS measurements

of larger sea spray aerosol (∼100-200 nm). Comparisons with submicron aerosol composition mea-

sured by an Aerosol Mass Spectrometer (AMS) showed high correlation between AMS and general

TDCIMS organic fractions but anti-correlation between measured, individual TDCIMS organics.

These results suggest biological drivers for inorganic and organic aerosol composition and a strong

size dependence on the organic composition of nascent sea spray, consistent with previous findings.

3.2 Introduction

Atmospheric aerosol play a critical role in the Earth’s radiative budget but remain the single largest

source of uncertainty in models estimating potential changes in radiative forcing (Bellouin et al.,

2020; Stocker et al., 2013). The atmospheric impacts of particles are dependent upon multiple

factors including composition, size, and number concentration, which can all affect their ability to

serve as cloud condensation nuclei (CCN) (Broekhuizen et al., 2006; Lohmann and Feichter, 2005;

Pöschl, 2005). Sea spray aerosol (SSA) are an important contributor to total aerosol mass globally
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(Gantt and Meskhidze, 2013; O’Dowd and De Leeuw, 2007). SSA can activate into cloud droplets,

which have been shown to potentially change the albedo of marine boundary layer clouds by as

much as 30% (Fossum et al., 2020). The composition of SSA, especially the sea salt component,

impacts the ability to serve as cloud droplets, due to the hygroscopicity of these chemical components

(Rosati et al., 2021). It is important to understand the processes that control SSA production and

composition because of the significant role of it plays in Earth’s radiative budget (Rap et al., 2013).

Sea spray aerosol is produced via physical ejection of sea spray droplets produced by bubble-bursting

(Cochran et al., 2017a; Deane and Stokes, 2002; Stokes et al., 2013; O’Dowd and De Leeuw, 2007).

Two major mechanisms for SSA formation occur during bubble bursting. Submicron particles are

mainly produced through the rupture of film droplets, which contain surface-active molecules such

as aliphatic organics that are enriched in the sea surface microlayer relative to bulk seawater (Lewis

and Schwartz, 2004b; Wang et al., 2015). Supermicron particles are understood to be formed

via jet droplets that often closely reflect the composition of bulk seawater, composed of sea salt

with dissolved organic species and potentially large fragments from organisms. Submicron SSA

composition, especially in the sub-100 nm size range, is of particular importance as the chemical

composition within this size range directly affects the particles’ ability to form a cloud droplet and

nucleate as a CCN (Gantt and Meskhidze, 2013).

Both field and laboratory studies have been performed in an effort to determine the composition

of ultrafine SSA, but each pose unique challenges. Prior work has established that freshly emitted

SSA undergoes rapid chemical changes under ambient conditions due to the uptake of acidic gases,

water loss, and other aging processes, with results from field measurements suggesting a change in

pH could take place over timescales ranging from minutes to hours (Angle et al., 2021; Fridlind and

Jacobson, 2000). Field measurements represent a non-controlled environment, where measurements

of SSA composition are often limited to remote regions with little anthropogenic influence (O’Dowd

and De Leeuw, 2007). Even within this location restriction, sampling of freshly emitted, SSA is

extremely difficult and essentially no ambient measurements can provide information on nascent

SSA. There is a substantial amount of previous work that supports the view that SSA contains

marine biogenic organics (Bigg and Leck, 2008; Lawler et al., 2020; O’Dowd et al., 2004; Parungo

46



et al., 1986). As a result, there is still uncertainty as to the extent of the influence that marine

biological activity has on SSA organic composition and the size-dependence of particle composition

(Bigg and Leck, 2008; Cochran et al., 2017b; O’Dowd et al., 2004). Additionally, commonly utilized

laboratory techniques to produce SSA do not appropriately mimic the production of SSA, and thus

the particle physicochemical properties are not representative of those in the real world (Collins

et al., 2014).

This study focuses on online measurements of ultrafine nascent sea spray aerosol using the Thermal

Desorption Chemical Ionization Mass Spectrometer (TDCIMS) and reports trends in the inorganic

and organic composition during the Sea Spray and Particle Evolution experiment (SeaSCAPE)

(Sauer et al., 2022). Utilizing the wave channel located in the Hydraulics Laboratory at Scripps

Institution of Oceanography, this experiment simulated the coastal marine air-sea interface in a

laboratory setting by inducing phytoplankton blooms in collected seawater to mimic marine bi-

ological activity and inducing regular wave-breaking SSA formation. This study investigates the

trends in inorganic and organic composition of ultrafine sea spray aerosol and potential connections

to biological activity. Additionally, TDCIMS measurements of the integrated, sub-200 nm nascent

aerosol and complementary composition measurements of submicron non-refractory aerosol from

an Aerosol Mass Spectrometer (AMS) allow further insights into the size-resolved composition of

submicron SSA.

3.3 Methods

3.3.1 SeaSCAPE campaign and sampling configuration

The Sea Spray Chemistry and Particle Evolution (SeaSCAPE) experiment was conducted at the

Scripps Institution of Oceanography in the summer of 2019. This experiment utilized a sealed, 11,800

L wave channel filled with coastal Pacific Ocean seawater to mimic the ocean-atmosphere interface.

A mechanical paddle generated waves that broke at an artificial beach to simulate wave breaking
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aerosol formation mechanisms and produce realistic SSA. This experiment was conducted over two

months and was divided into three phytoplankton blooms, each induced by the addition of growth

media to promote phytoplankton growth. Further description of the experiment specifications, the

bloom initiation process, nutrient information and measurements performed can be found in Sauer

et al. (2022). The work presented herein characterizes ultrafine SSA from the second bloom, which

took place from July 13 to July 20, 2019. The second bloom, unlike the later bloom, utilized a

50−µm Nitex mesh filter directly on the pump while filling the wave flume with seawater which

unintentionally damaged some of the microorganisms present in the seawater. However, this does

not necessarily make the seawater less representative of the real marine environment, as lysing of

phytoplankton cells may take place naturally due to predation by bacteria and viruses. Nutrients

were added two days after the initial fill of the tank with algae growth media and sodium metasilicate

to promote phytoplankton growth. Taxonomy classification during the field experiment is discussed

in more detail in Sauer et al. (2022). Ultrafine SSA measurements presented herein were measured

via sampling ports located roughly 3 m downstream of the artificial beach.

3.3.2 Thermal Desorption Chemical Ionization Mass Spectrometry

(TDCIMS)

Ultrafine SSA composition was measured using TDCIMS. This instrument has been described in

detail in prior manuscripts (Lawler et al., 2014; Smith et al., 2004; Voisin et al., 2003). The TDCIMS

sampled air from the wave channel headspace slightly behind the artificial beach where wave breaking

occurred . Sample air passed through unipolar chargers (UPCs) to charge ultrafine SSA via ion

diffusion (Chen and Pui, 1999b). Negatively charged particles were then size-selected in radial

differential mobility analyzers (RDMAs). Two UPC/RDMA units operated in parallel. Charged,

size-selected particles were then electrostatically deposited onto a Pt wire for a designated amount

of time. For this experiment, ultrafine SSA were collected for one hour to achieve sufficient particle

mass collected while maintaining good temporal resolution. Once the collection was complete, the

wire was translated into the ion source region where thermal desorption was performed. The wire
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was resistively heated over a programmed temperature ramp from about room temperature to a

sufficiently high temperature to volatilize aerosol NaCl (estimated 800 ◦C) over a period of 70 s.

Chemical components of the sampled SSA were desorbed according to their volatilities.

Following desorption, reagent ions reacted with desorbed compounds to form product ions, which

were detected with a time-of-flight mass spectrometer. The reagent ions for negative ion mode

were O –
2 and (H2O)nO

–
2 clusters, and for positive ion mode reagent ions were H3O

+ and larger

protonated water clusters. Only one polarity could be observed for a given aerosol sample. Sampling

of SSA during the SeaSCAPE experiment was set for one hour, followed by a one-hour background,

then switching polarities. Background measurements followed the same sampling procedures as the

collections, but without applying a voltage to the Pt wire. Background signals primarily resulted

from gases adsorbed onto the wire and to the walls of the ion source. For the current study we

integrated collection and background ion signals over the entire desorption period, with exception

of the Na+ ion described below. Signals reported herein are background-subtracted signals that are

normalized at every point by the average reagent ion signal to account for changing sensitivity of

the instrument as the campaign progressed. Signal and concentration uncertainties are based on

the ion counting variability, calculated as the square root of the ion count.

3.3.3 Quantification of NaCl mass fractions and organic ion mass

fractions

Quantification of Inorganic Mass Fractions

Quantification of NaCl mass fraction in SSA was performed using overnight data for each of the 8

days of the second bloom. Overnight particle populations were relatively stable in comparison to

daytime, enabling accurate estimations of collected particulate mass. We hypothesize this variability

during the day due to changing temperature and flume conditions. Collected mass was calculated

using measurements of number-size distributions from a scanning mobility particle sizer (SMPS),

which consisted of a bipolar neutralizer, nano DMA (model 3085; TSI Inc.) and mixing condensation
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particle sizer (MCPC, model 1720, Brechtel). A separate, identical MCPC operated in parallel to

provide integrated particle number concentration. Both instruments sampled the exit flow of the

TDCIMS inlet, downstream of the collection filament. For these measurements, the TDCIMS

RDMAs were set to 300 V, corresponding to a mobility diameter of 25 nm. The physical size

distribution of collected particles depends on the size distribution of particles in the wave channel

headspace, since particles larger than 20 nm in diameter are subject to multiple-charging by the

UPC (McMurry et al., 2009). This physical size distribution was captured by the downstream SMPS

equipped with a bipolar neutralizer. To estimate sampled particulate mass, we first determined the

campaign-averaged, size-resolved collection efficiency for the range of particle diameters delivered

to the TDCIMS (Figure B.1). The uncertainties in collection efficiency and collected particle mass

were atypically high for these measurements due to the low particle concentrations, particularly at

the target sizes. This collection efficiency was then applied to the average size distribution during a

background sampling period to determine the average size distribution of particles collected during

the adjacent sampling period, which we used to determine the volume mean diameter of sampled

particles. Average volume concentration of sampled particles was determined by multiplying the

volume mean diameter by N̄coll - N̄back, where N̄coll and N̄back are the average number concentration

of particles measured by the separate MCPC during the adjacent collection and background periods,

respectively. Multiplying the average volume concentration by the sample flow rate and collection

time, and assuming a density of sodium chloride (2.16 g/cm3), we estimated sampled particulate

mass.

Inorganic particulate mass was quantified based on the TDCIMS-derived sodium ion signal. Na+

was the primary ion utilized for quantification purposes, due to the potential influence from chloride-

containing gaseous species or sample volatilization effects on the Cl– integrated signal. Sodium chlo-

ride atomized particles were collected to determine the relationship between measured ion abundance

and sample mass. The broad, multiply peaked Na+ thermogram of collected SSA suggests multiple

processes may be responsible for the formation of Na+ ions during desorption (Figure B.2). We

attribute the first peak in the thermogram to inorganic Na+ from melting NaCl which volatilized

after melting, due to its correlation to both the ClNa +
2 ion, which can only be derived from NaCl,
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and the peak Na+ signal of atomized NaCl particles. We used this peak for quantification. To

confirm the validity of this approach, we also compared thermograms of laboratory atomized NaCl

to a sea salt standard (Sigma Aldrich). Signal integration of the whole thermogram yielded a non-

linear relationship between ion abundance and collected particulate mass (Figure B.3). However,

the integration of only the mode associated with the first major desorption peak around 37 s results

in an ion abundance-to-collected mass relationship that is linear and comparable for both NaCl and

sea salt atomized standards. We therefore use this first peak to determine the contribution of NaCl

to particulate mass. Later desorption peaks, after 40 seconds, may be due to direct emission of

Na+ ions from the wire via thermal emission. Prior work has shown the potential for the thermal

emission of sodium and potassium ions when corresponding alkali halides were heated on platinum

to similar temperatures found in the TDCIMS (Toubes and Rollefson, 1940).

To integrate the first peak in the Na+ thermogram, the entire thermogram was modeled as the sum

of five Gaussian distributions using a numerical optimization package (Igor Pro function optimize

m=3, simulated annealing). This process always resulted in a separate Gaussian mode with a

peak at 37 s, as shown in Figure B.2. The mass of sampled particulate NaCl in the SSA was

then calculated using calibration data from the first Gaussian mode of the Na+ signal from NaCl

atomized standards (Figure B.4). This mass of particulate NaCl was divided by the total sampled

SSA mass measured during the same sampling period to obtain the time series of inorganic mass

fractions.

Quantification of Organic Ion Components in Ultrafine SSA

It was not possible to quantify the majority of organic components present in the ultrafine SSA. Due

to the multitude of species present in the organic portion of the composition, total mass quantifica-

tion based on standards is unrealistic. As a result, we report the abundance of characteristic ions

normalized by collected particulate mass. Prior TDCIMS measurements of ambient marine aerosol

have identified, via positive matrix factorization (PMF), characteristic polysaccharide and fatty

acid factors (Lawler et al., 2020). These strongest and most characteristic fragments from PMF

51



analysis of polysaccharide species, C5H5O
+

2 and C6H5O
+

3 , and of fatty acid species, C14H29O
+

2 ,

were identified during the SeaSCAPE campaign and used for relative quantification. Nanocellulose

is a useful calibration species for polysaccharides in the TDCIMS (Lawler et al., 2020), and we used

it as a standard in this study as well. Assuming these characteristic polysaccharide fragments are

primarily from polysaccharides in the SSA samples, the mass of polysaccharide-like material in SSA

can be estimated (Figure B.5).

While polysaccharide and fatty acid components may comprise a significant portion of organic

nascent aerosol, it is important to note that there are other organic species present in sea spray

aerosol that the TDCIMS is less sensitive to. For example, the TDCIMS has poor sensitivity to

humic-like substances, which have been previously found to contribute to primary marine organic

aerosol (Lawler et al., 2020; Rinaldi et al., 2010; Hasenecz et al., 2020). One likely reason for this

is the complex, irregular structure of such substances, which result in a broad distribution of ions

in the TDCIMS. Other complex biogenic molecules may be similarly difficult to detect. Organic

analysis herein focuses on TDCIMS-sensitive organic components.

Quantification of Sub-200 nm SSA Organic Ion Fractions

In order to compare the composition of ultrafine SSA and larger submicron (100-200 nm) particles,

measurements of the latter were made every morning during bloom 2. The sampling approach

is the same to that of the TDCIMS ultrafine particle collection approach noted above, but the

RDMA voltage was increased to 1100 V and the sampling time was shortened to 1 min. While

this voltage corresponds to a 50 nm mobility diameter, multiple charging and a size distribution

centered at greater than 100 nm resulted in particles of 100-200 nm dominating the sample mass.

Since the TDCIMS downstream SMPS could not measure the full range of particle sizes collected, a

different approach was taken to determine particulate mass collected as required for the calculation

of ion fractions. Assuming that the majority of particulate mass collected at larger particle sizes

is inorganic sea salt, which is dominated by NaCl and quantifiable by the Na+ ion, we calculate

sample mass based on the abundance of this ion using the same method described above.
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3.3.4 Complementary aerosol and biological seawater measurements

The chemical composition of submicron non-refractory aerosol was measured by high resolution

time-of-flight aerosol mass spectrometry (HR-TOF-AMS; Aerodyne Research Inc.) (DeCarlo et al.,

2006). Dry nascent SSA size distributions (dm = 13.8 – 723.4 nm) were measured from the wave

channel headspace using an SMPS equipped with an X-ray neutralizer (TSI Inc, Classifier 3080,

DMA 3081, WCPC 3787). Details of the SMPS and AMS operation during SeaSCAPE are described

elsewhere (Sauer et al., 2022). Measurements of the taxonomic composition of bulk seawater uti-

lized whole seawater sampling with viable cell enumeration using confocal microscopy and in vivo

chlorophyll a concentrations were continuously measured via an Environmental Sample Processor

during the experiment (Sauer et al., 2022). Bulk seawater samples collected daily utilized 16S and

18S rDNA amplicon sequencing to measure the microbial and chemical composition as the bloom

progressed (Aron et al., 2020). This sequencing allows for the understanding of the progression of

various bacterial classes.

3.3.5 Principal component analysis

Principal component analysis (PCA) was performed with the “princomp” function of the R statis-

tical software package (R,2011) similar to the approach explained in Glicker et al. (2019). This

analysis included key polysaccharide and fatty acid TDCIMS positive ion signal fractions, as well as

TDCIMS-measured NaCl Fraction, AMS chloride and organic fractions, total heterotophic bacteria

cell concentration and sub-700 nm integrated particle number from size distribution measurements.
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3.4 Results and Discussion

3.4.1 Inorganic Mass Fraction

During the second bloom, the average integrated number concentration of sub-100 nm diameter

particles during overnight collections was 99 ± 22 particles/cm3. The TDCIMS sampled SSA with

a volume mean diameter of ∼40 nm (Figure 3.1). Given the low particle concentrations, sample

masses were typically within the range of 150-400 pg after one-hour collections (Fig. B.4). SSA size

distributions associated with the early bloom, prior to July 16th, 2019, show generally lower number

concentrations of sub-100 nm particles, but have a similar characteristic distribution compared to

later bloom size distributions. We considered the possibility that background contamination parti-

cles could affect the calculated mass measurements. In comparing the average nightly distributions

during the early and late periods of the blooms, the late bloom aerosol concentration is enhanced,

on average, a factor of 1.7 ± 0.2 for every size bin, making this amplification of particle number

uniform throughout all particle diameters measured (Figure B.6). From this we conclude that there

is not likely any bias caused by background particles, and that concentration changes result from

processes occurring in the wave flume.

To obtain the inorganic mass fraction, the calculated NaCl mass was divided at each overnight

collection by the total sample mass of particles as described above. The trend in time series of

the inorganic fraction is shown in Figure 3.2. The inorganic fraction reported is the fraction of

only NaCl, as any other seawater salts are expected to contribute only a small fraction to the mass

compared with the uncertainty of these measurements (Lyman and Fleming, 1940). The main

source of uncertainty in mass fraction is due to the uncertainties associated with the size-resolved

collection efficiency of the TDCIMS (Figure B.1). Especially at small mass loadings like those

measured in this study, the particulate mass estimated is sensitive to slight changes in collected

average volume mean diameter, with the largest size-dependent collection efficiency uncertainty of

± 20% for 40 nm sampled particles. Early bloom 2 has relatively low inorganic fractions and, as

the bloom progresses, the inorganic mass fraction increases. Samples with low inorganic mass are
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Figure 3.1: The particle size distribution of nascent sea spray aerosol during bloom 2 of
the SeaSCAPE campaign. The volume mean diameter of particles collected (black crosses)
is approximately 40 nm. As noted in the methods section 3.3.3, the difference between
background CPC and collection CPC counts, on the bottom plot, with the volume mean
diameter were used to estimate mass of collected particles. Background CPC counts are
associated with particle counts when there is no voltage applied to the TDCIMS Pt wire,
whereas collection CPC counts are associated to the particle counts when a voltage is applied.

assumed to have correspondingly high organic fractions, as we are unable to quantify organic mass

directly using calibrations.

Organic fraction was highest during the first two days of the bloom (Figure 3.2). This coincides

with peak biological activity as determined by total concentration of viable cells. At the start of

this bloom, over-filtered water was utilized which led to the lysing of cells, eventually leading to

a decrease in cell concentration three days into the bloom. As the living cells died by July 16th,

inorganic fraction began to peak. The higher biological activity earlier may have corresponded with

higher seawater concentrations of organics that preferentially contributed to SSA. These similar
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Figure 3.2: Inorganic mass fraction (vertical, dark gray bars) measured from sodium chloride
during bloom 2. The black dashed line denotes a fraction of 1. Shaded blue regions are
measured total heterotrophic cell concentration in cells/L and shaded green regions are
measured chlorophyll a concentration in ug/L.

results of the relationship between biological activity and organic fraction have been previously

observed in O’Dowd et al. (2004); Prather et al. (2013).

3.4.2 Organic fraction of sub-100 nm nascent sea spray particles

Insights into organic composition can be obtained from the variety of ions detected by TDCIMS.

From prior TDCIMS measurements of marine aerosol, various fragments were identified belonging to

a few key organic sources (Lawler et al., 2020). In this prior work, Lawler et al. used positive matrix

factorization (PMF) to identify five characteristic organic types in filter-sampled marine aerosol

collected over the North Atlantic. These factors correspond to polysaccharides, recalcitrant organics,

fatty acids, and two types of oxidized secondary organics. For the present measurements of nascent

sea spray aerosol, where secondary chemistry was assumed to be negligible, the dominant and most

characteristic peaks of the polysaccharide and fatty acid factors were expected to be most abundant

in these SeaSCAPE measurements. Biogenic polysaccharides have been found to contribute to the

composition of marine aerosol, where marine phytoplankton produce polysaccharides that contribute
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to the organic carbon pool (Lawler et al., 2020; Orellana and Leck, 2015). Figure 3.3 shows plots of

mass-normalized ion abundance of two polysaccharides and one fatty acid ions that were major ions

in the corresponding PMF factors. No attempt was made to calibrate for fatty acids or recalcitrant

organic compounds; however, by normalizing by sample mass we are able to investigate relative

changes in these species during the course of the campaign. As stated previously, polysaccharidal

material was characterized by the positive ion fragments C5H5O
+

2 and C6H5O
+

3 . Polysaccharide

mass estimates were quantified using laboratory standards and peak mass from these species was

roughly 200 pg (Figure B.5). Polysaccharide mass fractions for ultrafine sea spray aerosol were

quantified and suggest contributions ranging for <1% to as much as 60% of the total mass, as

shown in Figure B.5. These estimates are upper bounds since other chemical species could result in

these ion fragments. Polysaccharides have been previously measured in laboratory sea spray aerosol

samples and in ambient marine aerosol and suggest a similar wide range of impact on particle

composition (Aller et al., 2017; Cochran et al., 2017a; Lawler et al., 2020). The link between the

enrichment of polysaccharides in sea spray aerosol and marine bacteria has been observed (Hasenecz

et al., 2020) and is explored further in section 3.4.4 of the results.

The ion C14H29O
+

2 is linked to fatty acid contribution, namely from myristic acid and other

aliphatic fragments. Other, smaller, hydrocarbon fragments were additionally measured during

the second bloom. Fatty acids have been previously measured in marine aerosol, largely attributed

to lipase enzymatic activity of lipid constituents and other marine biota (Bikkina et al., 2019;

Lawler et al., 2020; Mochida et al., 2002; Tervahattu et al., 2002; Zhang and Kim, 2010). The peak

in fatty acid contribution mirrored that of polysaccharidal species. Trends in these species over

bloom 2 were similar to those of the inorganic mass fraction, peaking towards the second half of

the bloom. While these species were present throughout the whole campaign, the peak in mass-

normalized ion abundance was unexpected as the organic fraction of ultrafine nascent sea spray

aerosol peaked within the first two days. This indicates that when the inorganic contribution to

sub-100 nm sea spray aerosol was largest, the polysaccharides and fatty acids were at their highest

levels. The explanation of this observed trend could be linked to the generally lower total sub-100

nm particulate mass collected for the first two days of the campaign (Figure B.4). With lower total
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Figure 3.3: Time series of the organic ion abundance of C5H5O
+

2 ,C6H5O
+

3 and C14H29O
+

2
mass normalized by the total mass of particles collected. C5H5O

+
2 andC6H5O

+
3 are identified

as polysaccharide tracers and C14H29O
+

2 is a fatty acid.

particulate mass collected, the masses of these individual polysaccharide or fatty acid species may

be smaller, even with a more dominant organic fraction. Even though a smaller mass of particles

was collected early in the measurement time, since a larger fraction of those particles were organic

in nature, these polysaccharide or fatty acid species would be measured if they were readily avail-

able. It is important to reiterate that, during the times of peak organic ultrafine SSA fraction, the

mass-normalized abundance of the corresponding ions above were low. During the first half of the

bloom, the TDCIMS-detected organics were relatively low, signifying that the dominant organics in

ultrafine SSA were organics that the TDCIMS is not sensitive to. These species present during the

highest organic fraction time may be humic-like substances or other complex biogenic molecules, as

these species lead to a broad distribution of ions in the TDCIMS. However, the observed trend of

these polysaccharide and fatty acid species could also be influenced by the organic enrichment, as

noted in the chlorophyll a concentrations, during the second half of bloom.
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3.4.3 Organic fraction 100-200 nm diameter nascent sea spray par-

ticles

In an effort to gain insight into size-dependent particle composition, the organic constituents of

TDCIMS-analyzed 100-200 nm aerosol can be compared to the ultrafine composition detailed above.

Early morning 100-200 nm measurements during bloom 2 had significantly larger total mass col-

lected, as estimated using collected NaCl mass. The average collected NaCl mass during the 1-

minute collections was 1300 ± 260 pg. Given this approach for estimating sample mass, this would

likely underestimate total particulate mass, but still suggests a drastic increase to the total col-

lected mass when compared to 1 hour collections of sub-60 nm particles. Figure 3.4 shows the

mass-normalized time series of the three most important identified organic components for both

the sub-100 nm and 100-200 nm diameter particles. Across all these fragments, there were signifi-

cantly smaller organic mass-normalized ion abundances for these larger particles and no real peaks

in the mass spectra for these species, even given the larger, underestimated total mass of 100-200

nm collected particle samples that would likely over-predict mass-normalized ion abundance. This

suggests a significant size-dependence in the particle composition for these compounds detected by

the TDCIMS. Previous work has generally noted that along with a decrease in diameter there is

an increase in the organic composition of sea spray aerosol (Ault et al., 2013). However, TDCIMS

measurements of the same organic ion fragments for these two different particle size populations

show that there is a size-resolved impact on the organic composition and types of organics present.

Fatty acid species and polysaccharide species are significantly lower in the integrated sub-200 nm

aerosol population compared to sub-100 nm particles.

To evaluate potential sources and contributions to both the inorganic and organic fractions, TDCIMS-

measured inorganic and organic fractions were compared to AMS-derived mass fractions via Prin-

cipal Component Analysis (PCA). Figure 3.5 shows the results of this analysis. Tightly correlated

species, like TDCIMS NaCl fraction and AMS Chloride fraction, are represented by a large aspect

ratio of the displayed ellipse. Such correlations may denote similar sources, as these two fractions

from each measurement are from inorganic salts present in SSA. Additionally, the strong correlation
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Figure 3.4: Sub-100 nm (black) and 100-200 nm (red) diameter mass-normalized organic
ion signals for three characteristic primary organic fragments, C5H5O

+
2 , C6H5O

+
3 and

C14H29O
+

2 . While fatty acid and polysaccharide species were a significant component of
TDCIMS measured species in sub-100 nm particles, these organic fragments were signifi-
cantly lower in the integrated sub-200 nm aerosol population.

between TDCIMS and AMS inorganic fractions and sub-700 nm integrated number indicates there

is a strong relationship between the inorganic salt contribution and presence of sea spray aerosol

across TDCIMS and AMS aerosol size populations. However, the AMS organic fraction is anti-

correlated with most TDCIMS-sensitive organic species individually but correlated with the overall

organic fraction of sub-100 nm particles as determined by the subtraction of the measured inorganic

fraction as described above. The correlation between the TDCIMS and AMS organic fractions sug-

gest that broader influences of organics may impact different particle size populations similarly, like

the general trend in biological activity, but the anti-correlation between individual TDCIMS organ-

ics suggests that the organic composition is chemically different between these groups. This idea

is reinforced by the direct comparisons of TDCIMS-measured organics in sub-100 nm and 100-200

nm samples. The TDCIMS measurements of 100-200 nm diameter particles would likely be asso-

ciated with the smallest sizes measured by the AMS, so AMS mass fractions analyzed here would
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be largely represented by larger TDCIMS-analyzed particles. In the comparison of these three size

populations, sub-100 nm particles seem to have a unique organic chemical composition, comprised

of polysaccharides and fatty acids. This is not observed in sea spray aerosol particles greater than

100 nm in diameter.

3.4.4 Potential biological influence and implications

Figure 3.5: Principal component analysis (PCA) of TDCIMS organic and inorganic fractions,
AMS organic and inorganic fraction, heterotophic cell concentration in µg/L and sub 700
nm integrated particles number data. Polysaccharide Ion Fraction is the average ion fraction
of C5H5O

+
2 and C6H5O

+
3 for ultrafine nascent particles and Fatty Acid Ion fraction is the

average ion fraction of C14H29O
+

2 in ultrafine nascent particles. Species shown are ordered
with decreasing correlation to the first principal component, from the top to the bottom.
The darker blue, narrower positive slope ellipse notes stronger correlation and the darker
red, narrower negative slope ellipse notes stronger anti-correlation.
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The potential relationship between sea spray aerosol and seawater biology has been evaluated in

numerous studies (Freney et al., 2021; Prather et al., 2013; Wang et al., 2015). TDCIMS-measured

organics in sub-100 nm sea spray aerosol may be linked to the presence of various classes of bac-

teria present during the bloom progression. The presence of bacteria connected to polysaccharide-

producing and degrading enzymes, noted in Figure B.5, showed a similar trend in relative abundance

(Martin et al., 2015; Zhang and Kim, 2010). Marine bacteria have been shown to have an effect

on saccharide enrichment in sea spray aerosol (Hasenecz et al., 2020, 2019). Certain strains of het-

erotrophic bacteria, like those investigated in Figure B.7, directly impact the composition and size of

saccharides present in seawater, thus impacting the sea spray aerosol composition (Hasenecz et al.,

2020, 2019). These bacteria thrive in the presence of various algal-polysaccharides that are typically

found in marine environments and are critical in the degradation of intact cell-wall polysaccharides.

Therefore, as the bloom progressed, leading to the increase in abundance of these polysaccharide-

related bacteria, this may have led to an increase in the mass-normalized organic ion signal for

these two polysaccharide species. The fatty acid component of organic composition may be linked

to lipase-producing bacteria. While the lipase activity leading to the production of free fatty acids

can vary depending on the bacterial species and organic medium, previous work has investigated

the lipid degradation rate for marine lipase-producing bacteria in a triglyceride-enriched medium to

simulate marine environments (Duflos et al., 2009). Results of that work showed that free fatty acids

began to appear via lipase enzymatic reactions from tripalmitate after 19 hours. As free fatty acids

are produced via lipase activity over the timescale of several hours, it seems that the sub-100 nm

particulate composition may be influenced in a similar manner. While initial attempts to directly

connect the ultrafine nascent aerosol composition to biological activity can only be achieved with

this work, additional work in the future can help elucidate the complex connection between particle

composition and marine biological activity.

62



3.5 Conclusions

The inorganic mass fraction and some organic components of ultrafine sea spray aerosol were mea-

sured during the 2019 SeaSCAPE experiment at the Scripps Institution of Oceanography. The

inorganic component dominated the mass fraction of ultrafine particles at times of low phytoplank-

ton activity. During times of higher biological activity as determined by the total sea water cell

count, the organic fraction dominated, but inorganic sodium chloride was still present. The TD-

CIMS was not very sensitive to the organic components present during high organic mass fraction

periods, indicating that these organics could be humic-like substances or other complex organic com-

pounds that are not sensitively detected by TDCIMS. Clear fatty acid and polysaccharide signals

were only measured in the ultrafine size range, despite greater sample mass for 100-200 nm particles.

These measurements are the first to compare these two SSA size populations using the TDCIMS

technique, and showed that the organic composition of ultrafine particles differs greatly from only

modestly larger particles, despite both being film drop-generated. Similar trends in both organic

and inorganic fractions were observed for both TDCIMS- and AMS-measured SSA, but TDCIMS

results suggest that different organic species influence the composition of the two particle popu-

lations. As the composition directly impacts particle physicochemical properties and ultimately

atmospheric fate, more work is needed to understand the composition of ultrafine SSA produced

during times of both high and low biological activity. The fate of inorganic ultrafine particles would

inherently be different than organic ultrafine particles, thus leading to different aging processes and

CCN formation.
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Chapter 4

Chemical composition and formation of

secondary marine aerosol during the Sea

Spray and Particle Evolution

(SeaSCAPE) Experiment

4.1 Abstract

Marine aerosols have been found to have an impact on atmospheric radiative balance and a large im-

pact on cloud formation. The formation, growth and composition of ultrafine (<100 nm diameter)

marine aerosol formed through secondary processes generally remain uncertain. Here, we present

results of the composition of ultrafine secondary marine aerosol during the Sea Spray Chemistry and

Particle Evolution (SeaSCAPE) experiment, conducted at Scripps Institution of Oceanography in

This manuscript is currently in preparation to submit to AGU Geophysical Research Letters
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the summer of 2019. Secondary marine aerosol (SMA) was produced through the equivalent of one

day of hydroxyl radical aging of gaseous precursors emitted from coastal sea water from Scripps Pier

in La Jolla, CA. The composition of ultrafine SMA was measured using TDCIMS analysis and mass

fractions of calibrated species was determined. These composition measurements were related to

known gaseous precursors, like dimethyl sulfide (DMS), dimethyl disulfide (DMDS), methanethiol

(MeSH), monoterpenes and isoprene. At times of high sulfur-containing gaseous precursors, more

ultrafine SMA particles were generated and contained a larger fraction of particulate sulfate and

methanesulfonic acid. The mass fractions of calibrated species from neutralized salts were more

substantial early in the measurement period, when total heterotrophic bacteria concentration and

sulfur-containing gaseous precursor mixing ratios were highest. Significant fractions of dimethy-

lamine and ammonium were measured early in the measurement period and we hypothesize these

bases were neutralized with sulfuric acid, methanesufonic acid and organic acids. Additionally, com-

mon organic compounds present in ultrafine secondary marine aerosol across a biological bloom were

evaluated. These common organic compounds are comprised of oxidized organic compounds with

low volatilities, suggesting these species may be more crucial in new particle formation processes

during times of low biological activity.

4.2 Introduction

The ocean is an integral part of one of the most important natural atmospheric aerosol systems.

Marine aerosols contribute to the biogeochemical cycling of elements such as sulfur, carbon, and

nitrogen and have a significant impact on the Earth’s radiative budget (Rinaldi et al., 2010). A

thorough understanding of the size, number concentration and composition of marine aerosols is

needed to elucidate aerosol-cloud interactions over the oceans and their impact on climate. While

sea spray is believed to be a major source of natural marine aerosol (Myriokefalitakis et al., 2010; De

Leeuw et al., 2011; Saliba et al., 2020), in general the properties and formation pathways of ultrafine

(sub- 100 nm diameter) marine aerosol are uncertain. Given their physico-chemical properties
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and the typically low water supersaturations that are characteristic of marine atmospheres, these

ultrafine particles may be important cloud condensation nuclei (CCN) in some regions and seasons.

Marine aerosols can be produced through primary and secondary processes. The largest source

of primary marine aerosol is sea spray aerosol (SSA) (O’Dowd and De Leeuw, 2007). Secondary

marine aerosol (SMA) is produced through gas-to-particle conversion processes of oxidized gaseous

aerosol precursors, including dimethyl sulfide (DMS) and other biogenic volatile organic compounds

(O’Dowd and De Leeuw, 2007; Mayer et al., 2020; Fitzgerald, 1991). The sulfur-containing com-

pounds released by marine ecosystems can be oxidized to SO2 and further to sulfuric acid in the

marine atmosphere (O’Dowd and De Leeuw, 2007; Fitzgerald, 1991). Sulfuric acid (H2SO4) has

been recognized as a key molecule in the nucleation process and the early stages of new parti-

cle formation (Kulmala et al., 2000, 2006; McMurry et al., 2000; Paasonen et al., 2010). Amines

and ammonia can bond strongly to sulfuric acid, leading to enhanced nucleation of particles (Ball

et al., 1999; Korhonen et al., 1999; Kurtén et al., 2008). Additionally, other organic acids like

methanesulfonic acid have been found to play an important role in new particle formation (Chen

and Finlayson-Pitts, 2017; Kreidenweis et al., 1989). Many studies have measured the composition

of submicron SMA and suggest a significant fraction is composed of internally mixed non-sea-salt

sulfate with oxidized secondary organics (O’Dowd et al., 2004; Asmi et al., 2010; Mayer et al., 2020;

Trueblood et al., 2019). Additionally, in marine environments specifically, recent work has found

that iodic acid can drive new particle formation events with little contribution from sulfuric acid

(Baccarini et al., 2020; Sipilä et al., 2016). Once nucleation occurs, growth through condensation

of low volatility organic compounds and reactive uptake of volatile molecules at the surface of the

particle can occur, leading to particles with size and composition that make them relevant to cli-

mate (O’Dowd and De Leeuw, 2007). Biogenic volatile organic compounds (BVOCs), like isoprene,

monoterpenes and alkyl amines, are emitted from biological sources and, upon oxidation, can con-

tribute to new particle formation and growth (Trueblood et al., 2019; Rinaldi et al., 2010; Mayer

et al., 2020). Unlike terrestrial secondary aerosol, the governing factors and species that impact

secondary marine aerosol generation is largely unexplained.
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This study focuses on online measurements of ultrafine secondary marine aerosol made using the

Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS) and reports the composi-

tion during the Sea Spray and Particle Evolution experiment (SeaSCAPE) (Sauer et al., 2022). This

experiment simulated a coastal marine environment in a laboratory setting by inducing a series of

phytoplankton blooms in collected seawater to mimic natural biogeochemical conditions in a wave

flume mesocosm. Secondary marine aerosol was artificially generated from headspace air through

the equivalent of one day of hydroxyl radical oxidation. We investigate the composition of generated

sub-100 nm secondary marine aerosol in relation to gas phase precursors and report a time series

of mass fractions of calibrated species over a biological bloom. Additionally, we hypothesize the

important governing processes that impact secondary marine aerosol generation.

4.3 Methods

4.3.1 SeaSCAPE campaign and sampling configuration

The Sea Spray Chemistry and Particle Evolution (SeaSCAPE) experiment was conducted at the

Scripps Institution of Oceanography in the summer of 2019. A sealed, 11,800 L wave channel

was utilized to simulate the ocean-atmosphere interface and was filled with Pacific Ocean seawater

collected from Scripps Pier off the coast of La Jolla, CA. The experiment was performed over a two-

month span and divided by three separate, induced phytoplankton blooms. This work characterizes

the composition of ultrafine secondary marine aerosol from the second bloom, which took place

during July 13 to July 20, 2019. Characteristics of the second bloom are described in Glicker et al.,

2022.

To assess the composition of secondary marine aerosol, a potential aerosol mass oxidation flow

reactor (PAM-OFR, Aerodyne Inc.) and an isolated sampling vessel (ISV) were used to simulate

the formation of secondary particles from the oxidation of trace gases and are further described

in Sauer et al. (2022). The ISV was a capped, cylindrical tube of borosilicate glass (Greatglass,
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Delaware U.S.A.) where seawater was delivered using a plunging stream on opposite sides of the

sampling ports. The plunging water was used to improve air-water exchange of trace gases and

was managed to minimize primary aerosol generation. The seawater was circulated and purified air

("zero air") flowed through the headspace. As gas phase species were emitted from this circulated

seawater, the PAM-OFR used UV lamps to produce high concentrations of OH radical to simulate

atmospheric aging. For the results presented herein, the OH exposure was equivalent to one day of

aging using the typical tropospheric OH concentration of [OH] = 1.0 x 106 molec/cm3.

4.3.2 Thermal Desorption Chemical Ionization Mass Spectrometry

The composition of ultrafine secondary marine aerosol was measured using time-of-flight (TOF) TD-

CIMS. This instrument has been described in detail in prior manuscripts (Lawler et al., 2014; Smith

et al., 2004; Voisin et al., 2003) and the same TDICMS sampling configuration for SeaSCAPE was

described in Glicker et al., 2022. In essence, the TDCIMS sampled the secondary marine aerosol

generated through the oxidation of VOCs as described above. Sample aerosol were charged via

ion diffusion using unipolar chargers and size-selected using radial differential mobility analyzers

(RDMAs) (Chen and Pui, 1999a). These charged, size-selected particles were then electrostatically

deposited onto a Pt wire for thirty minute collections to achieve sufficient particulate mass with

acceptable temporal resolution. Once the collection was completed, the wire was translated into the

ion source region where thermal desorption began. The wire was resistively heated over a period of

70 s from around room temperature to an estimated 800 ◦C. Over this given ramp, chemical compo-

nent from the sampled SMA desorbed according to their respective volatilities and/or decomposition

temperatures.

Once desorbed, reagent ions reacted with the desorbed chemical components to form product ions

that were detected using time-of-flight mass spectrometry. Compounds with sufficient proton affinity

are ionized in the positive ion mode by H3O
+ donating a H+ or larger protonated water clusters. In

the negative ion mode, ionization can occur through three separate pathways where O−
2 can either

react and remove a proton from the chemical component, transfer an electron from O−
2 or form
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water with O−
2 . Only one polarity can be observed for a given aerosol sample, so measurements

were cycled between positive and negative ion mode. For SMA measurements, sampling was set for

thirty minutes, followed by a thirty-minute background prior to changing polarities. Background

measurements followed the same sampling protocol but without a voltage applied to the wire, so

no charged particles were collected. Background signals then result from the desorption during

analysis of gases adsorbed onto the wire and walls of the ion source. Signals reported herein

are background-subtracted and normalized at every point by the average reagent ion signal to

account for changing sensitivity of the instrument as the experiment progressed. The signal and

concentration uncertainties are based on the ion counting variability and calculated as the square

root of the ion count.

4.3.3 Quantification of total particulate mass and mass of cali-

brated species

The method for the quantification of total particulate mass was the same approach described in

detail in Glicker et al., 2022. Briefly, the campaign-averaged, size–resolved collection efficiency

was determined for the range of particles delivered to the TDCIMS. This collection efficiency was

then applied to the average size distribution during the TDCIMS background sampling period

to determine the average distribution of collected particles. This average distribution was used

to calculate the volume mean diameter of sample particles which was multiplied by N̄coll-N̄back,

where N̄coll and N̄back are the average number concentration of particles measured by a downstream

particle counter during the collection and background periods, respectively. The average volume

concentration was multiplied by the sample flow rate, collection time and the assumed density of

1.7 g/cm3, resulting in the sampled particulate mass.

The TDCIMS sensitivity to dimethylamine, methanesulfonic acid, sulfate, ammonium and iodate

were calibrated by measuring the composition of laboratory-generated particles and the particle

mass collected. Aqueous solutions of ammonium sulfate ((NH4)2SO4), methanesulfonic acid-

dimethylamine (MSA-DMA), sodium chloride (NaCl) and iodic acid (HIO3) were prepared in
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nanopure water. These solutions were each atomized using a medical nebulizer (Portex Flo-Mist,

Smiths Medical). Generated particles were size-selected to 16 nm mobility diameter and collected

for 4, 6, 10 and 15 minute time intervals to obtain a standard calibration curve. By alternating

polarities, the positive and negative ion spectra of each particle system was detected and used to

assess the signal response to various sample masses. The mass of individual positive or negative ions

was calculated, as explained in the supplemental information. Results reported herein report the

mass fraction of each calibrated species. These mass fractions were calculated by dividing the mass

of each individual species by the total mass of particles collected at each time point. The TDCIMS

organic fraction reported is calculated to be the fraction remaining after the mass fractions of all

calibrated species were summed.

4.3.4 Complementary gas phase measurements

Chemical Ionization Time-of-Flight Mass Spectrometry (CI-ToF-MS) was used with benzene reagent

ions to quantify the concentration of various gas-phase species. This home-built CI-ToF-MS is

described in more detail in Sauer et al. (2022) and modeled after Kercher et al. (2009). The mixing

ratios of dimethylsulfide (DMS), dimethyldisulfide (DMDS), methanethiol (MeSH) and ispoprene

were calibrated and reported in parts per trillion (ppt). The uncalibrated, normalized abundance of

monoterpenes were also reported to establish the trend of gas-phase monoterpenes over the course

of Bloom 2.

4.3.5 Principal component analysis

Principal component analysis (PCA) was performed using the "princomp" function from the R

statistical software package (R, 2011). The approach used is similar to prior work and explained in

Glicker et al. (2019). This analysis was used to obtain correlations between TDCIMS-measured mass

fractions of calibrated species, mass of sampled particles and the various gas phase measurements

noted in the prior section.
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4.4 Results and Discussion

4.4.1 New particle formation pathways affecting ultrafine secondary

marine aerosol composition

During the experiment, the total particulate mass collected during TDCIMS analysis was largest

at the start of the bloom, on average about 15 ng, and decreased as the bloom decayed (Figure

4.1). As these particles were generated through secondary mechanisms which utilized circulated sea

water brought into the ISV via a plunging stream, it was imperative to confirm that the sampled

particulate mass is representative of just secondary marine aerosol and not primary sea spray aerosol.

As noted in Figure C.2 in the supplemental information, the size distribution measurements when the

plunging jet is on versus off show minimal particles generated in the sub-100 nm size range. These

comparisons, in addition to no particulate sodium measured via TDCIMS analysis in the positive ion

mode, are clear indications that the measurements reported herein are that of secondarily generated

particles and do not have influence from sea spray.

Gas phase measurements of various secondary marine aerosol precursors were measured and are

shown in Figure 4.1a. Dimethyl sulfide (DMS), dimethyl disulfide (DMDS) and methanethiol

(MeSH) had the highest concentration at the beginning of the bloom with a total summed con-

centration of about 5 ppb. These gas phase species are of particular interest due to their connection

to particle phase sulfate formation (Mayer et al., 2020; Santander et al., 2022; Lee and Brimble-

combe, 2016). Additionally, the gas phase organics, isoprene and unspeciated monoterpenes, were

measured due to their potential to contribute to secondary aerosol formation and growth (Zhang

et al., 2018; Hu et al., 2015). The positive correlation between the sulfur-containing gas phase

precursors and integrated sub 80 nm particle number support the current hypothesis that the ox-

idation products of these gas phase precursors led to the generation of more ultrafine secondary

marine aerosol. However, there is a slight anti-correlation between isoprene and integrated particle

number concentration and a larger anti-correlation between monoterpenes and integrated number

concentration. While these organic gas phase species can contribute to secondary formation of

71



Figure 4.1: a) Stacked plot with the mass fraction of TDCIMS-calibrated species, post-
OFR size distribution and TDCIMS particulate mass collected, gas phase measurements of
DMS, DMDS, MeSH, isoprene and monoterpenes. b) Principal component analysis (PCA) of
mass fractions of TDCIMS-calibrated species and gas phase emissions. From top to bottom,
species shown are ordered with decreasing correlation to the first principal component. The
darker blue, narrower positive slope ellipses indicate stronger correlation and the darker red,
narrower negative slope ellipses indicate stronger anti-correlation.

particles, the anti-correlation suggests these species may not have played as dominant of a role in

ultrafine particle formation in this experiment. While monoterpenes were not calibrated, isoprene

concentration peaked in the bloom at 120 ppt, where isoprene can measure around 300 ppt in remote

marine environments (Shaw et al., 2010).

The TDCIMS-calibrated species contribute to roughly 40% of the total particulate mass in the

early bloom (Figure 4.1a). As the bloom progresses, these species have a minimal contribution

to the ultrafine particle composition. Of the total calibrated fraction, DMA and ammonium have

the most significant contribution. Particulate sulfate and MSA have only about 10% contribution

to the total particulate mass at the beginning of the bloom, even though sulfur precursors are

at their highest. The fraction of each of the TDCIMS-calibrated species is positively correlated

with integrated sub 80 nm particle number concentration, indicating that these species are major

contributors to secondary marine aerosol formation. The TDCIMS organic fraction is anti-correlated
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with integrated number concentration. These results indicate that in marine environments, the

organic component may not play a large roll in the formation process, but potentially with other

processes impacting composition.

In comparing TDCIMS fractions to gas phase precursors, there is significant correlation, as noted

in Figure 4.1, between the sulfur-containing gaseous precursors and TDCIMS-calibrated species

fractions. While there is a direct connection between the sulfur-containing gaseous precursors and

sulfur-containing particulate species, there are also significant correlations between DMS, DMDS

and MeSH with particulate DMA and ammonium. As these gas phase precursors are not direct

sources of particulate DMA and ammonium, these significant correlations suggest similar processing

and generation mechanisms occur. Monoterpenes are tightly correlated with the TDCIMS organic

fraction, suggesting this class of organics make a large contribution to the processes that impact

ultrafine secondary marine aerosol composition. However, these findings, paired with the anti-

correlation to integrated particle number concentration, indicate that monoterpenes may contribute

to the organic composition but are not significant contributors to SMA.

Given the tight correlation between sub-80 nm integrated number and the TDCIMS-calibrated

species fractions, this suggests that these species play a key role in the formation and growth of

SMA. Prior work has reported that, at times with high number concentrations of new ultrafine

particles are observed, these are generally associated with low SO2 concentrations (Covert et al.,

1992). Additionally, prior work suggests that gaseous iodine contributes to coastal new particle

formation (Saiz-Lopez et al., 2006), yet minimal iodine was measured in ultrafine particles during

SeaSCAPE. Given the lack of background aerosol to condense upon, what was observed during

these measurements were strictly new particle formation and subsequent growth. Particle growth

occurred, but onto the newly formed ultrafine particles and not onto pre-existing background aerosol.

While background aerosol concentration was minimal, loss to the walls of the OFR could affect the

formation and growth process of SMA. The calibrated species, and their abundance in the particle

phase and correlation to particle number concentration, likely contribute to nucleation through

stabilization processes that form clusters. However, of the calibrated species, a larger fraction is

comprised of bases that need to be stabilized be the presence of particulate acids. While particulate
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sulfate and MSA were measured, there is not nearly enough to form stabilized clusters with the

bases present that could lead to new particle formation. In investigating other potential acids that

can help stabilize these clusters, the presence of organic acids was assessed. Prior measurements of

ambient aerosol from Hyytiälä via TDCIMS analysis indicated smaller organic acids and linear chain

organic acids may contribute to growth of ultrafine particles (Lawler et al., 2018). These results

suggested that the appearance of new 20-50 nm particles were associated with these linear organic

acids and occurred on days with transport of marine air, where additionally gas phase MSA levels

were higher. The sensitivity of TDCIMS measurements to various organic acids in the negative

ion mode has been investigated previously (Li et al., 2021). This prior work reported that, for a

wide variety of monocarboxylic organic acids, the TDCIMS is slightly less sensitive to organic acids

relative to sulfate (less than 5 times as sensitive). However, for larger, more substituted organic

acids like malic acid and citric acid, a dicarboxylic acid and tricarboxylic acid respectively, TDCIMS

is about 90 times less sensitive than sulfate in TDCIMS measurements.

There were multiple detected organic acids (Figure 4.2b). Formic acid may have been measured,

however the expected formic acid ion fragment CHO−
2 is also a significant fragment of oxidized

organics. Seven organic acids with an integrated ion signal greater than 1000 counts early in the

measurement time were selected to analyze the measured time series. Of these seven organic acids,

malonic and oxalic acid are dicarboxylic acids and butanoic and glycolic acid are monocarboxylic

acids. Pyruvate, C3H2O
−
3 , from pyruvic acid is the simplest alpha-keto acid. C4H2O

−
3 and C6H6O

−
3

are likely fragments of monocarboxylic acids. Integrated ion signal time series for all seven measured

organic acids are larger early in the bloom, when there is a more significant fraction of sulfate and

MSA. Given the lower sensitivity of primarily dicarboxylic acids in TDCIMS measurements, the

signal of malonic acid early in the bloom when scaled by its relative response factor to sulfate, as

obtained from Li et al. (2021), is approximately equivalent to the total integrated sulfate signal for

the same time points. This indicates these larger, more substituted organic acids are present in a

similar abundance to particulate sulfate. These results suggest that organic acid-nitrogen base salts

may be important drivers of new particle formation in marine air. The sources of these particulate

organic acids could potentially include isoprene and methylglyoxal oxidation products. A proposed
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Figure 4.2: a. Time series for ion abundance of seven different measured organic acids. These
ions were selected because they each have an integrated signal greater than 1000 counts early
in the measurement time. b. Complete mass spectrum from the first day of measurement.
All measured organic acids are labelled, even those with an integrated signal below 1000
counts.

mechanism for the OH oxidation of isoprene suggests that later oxidation products, like methacrolein

and methylglyoxal, are able to partition into the particle phase and, upon further OH processing,

can produce carboxylic acids in the particle phase (Ervens et al., 2004). Kinetically, the oxidation of

some dicarboxylic acids in the particle phase have a rate constant on the order of 107M−1s−1 (Ervens

et al., 2004). Ths is comparable to, for example, the formation of particulate sulfate from the OH

oxidation of MSA (Chen et al., 2018). In addition to the presence of gas-phase isoprene during the

experiment, gas-phase methylglyoxal was measured over the whole bloom using cartridge sampling

for offline thermal desorption two-dimensional gas chromatography (TD-GCxGC-EI/VUV-HRToF-

MS analysis by Hatch et al. (2019)). The OH radical oxidation of methylglyoxal and its products
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have been studied extensively, due to their importance as a global and regional source for secondary

organic aerosol (Tan et al., 2010; Carlton et al., 2006; Altieri et al., 2008; Tan et al., 2012). With

respect to carboxylic acids, methylglyoxal oxidation has been shown to produce oxalic and pyruvic

acid, and even some larger chain carboxylic acids (Tan et al., 2010). Since the growth of acid-base

nucleation should lead to a molar base-to-acid ratio of 1, we evaluated how accounting for the organic

acids impacted this ratio (Figure C.4). Prior to accounting for these additional organic acids, the

base-to-acid ratio early in the measurement period was on average around 8, indicating that there

must be additional acids needed to neutralize the bases present. When we account for just the two

dicarboxylic acids in this molar ratio, since we evaluated moles of sulfate to be equivalent to moles of

dicarboxylic acids, the molar ratio of base to acid decreases by a half. While all organic acids cannot

be incorporated in this ratio, the addition of more organic acids measured will continue to reduce

this ratio closer to 1. The calculated mass fractions, in addition to the measured organic acids,

indicate that these acid-base reactions may be important for initial stages of new particle formation

in marine environments during times of high biological activity. These results are consistent with

previous work that suggest acid-base reactions of biogenic amines with acidic species are important

for marine new particle generation (Donaldson and George, 2012; Murphy et al., 2007; Rinaldi et al.,

2010).

As the bloom progresses and biological activity diminishes, fewer new particles were formed. Of

the new particles formed, almost all mass was assumed to be organic that cannot be quantified

by TDCIMS. The total mass fraction from potential neutralization reactions are less than 5% of

the total mass by the end of the bloom, likely due to minimal concentrations of gaseous precursors

like DMS, DMDS and MeSH (Figure 4.1). This suggests that new particle formation attributed to

the irreversible condensation of low-volatility organics is not as efficient of a pathway for secondary

marine aerosol generation.
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4.4.2 Secondary marine aerosol organic composition across a bio-

logical bloom

The average integrated number concentration of sub-100 nm diameter particles generated through

secondary processes in the bloom was highest at the beginning of the bloom when total heterotrophic

bacteria peaked (Figure C.3). As the viable heterotrophic bacteria began to decay, the total number

of particles generated reduced as well. The collected particle mass, therefore, was approximately

∼50x larger early in the measurement time than particle mass at the end, leading to more signal of

a variety of species overall (Figure 4.1). Due to this, the general composition of ultrafine secondary

marine aerosol was best assessed early in the measurement time. The general composition in both

the positive and negative ion modes is shown in Figre 4.3.

During times of high biological activity, many ions were associated with organic compounds. As

observed in Figure 4.3, organic species were a mixture of nitrogen-containing organics, with the

largest ion fragment in the negative ion mode observed to be CNO−. This fragment has been

attributed to organic nitrogen species and has also been observed in ultrafine particles in the Amazon

Basin through TDCIMS analysis Glicker et al. (2019). Other nitrogen-containing organics were

observed in both ion polarities. The primary sulfur species with the largest ion abundance were

associated with particulate sulfate, which through TDCIMS measurements is detected as SO−
2 ,

SO−
3 , HSO−

4 and SO−
5 . Other sulfur-containing organics were measured but had a significantly

smaller ion abundance than particulate sulfate. Lastly, non-nitrogen or sulfur-containing organics

were also detected.

While a general picture of secondary marine aerosol particle composition is only feasible during

times of significant ultrafine particle formation, due to sample size limitations, the major organic

species common during low and high biological activity were determined using Kendrick mass defect

(KMD) analysis (Figure 4.4). KMD analysis is a helpful tool to observe the trends of organic

mixtures across a time series and is frequently used to identify classes of compounds and mass

distributions (Hughey et al., 2001). The Kendrick mass of a CH2 functional group is calculated by

normalizing the IUPAC mass (14.01565 amu) to 14.00000. The Kendrick Mass Defect (KMD) is
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Figure 4.3: Complete mass spectra of ultrafine secondary marine aerosol in the positive
(lower plot) and negative ion mode (upper plot) averaged over the first sampling day of
collection, July 13. Ion types are color-coded: sulfur containing organic and inorganic (red),
nitrogen containing organic (blue), non-nitrogen or sulfur containing organic (green) and
other (black). Only a subset of the mass range is noted for clarity and the reported error is
the square root of counted ions.

then calculated as the difference between the nominal mass and exact Kendrick mass. Species with

different numbers of CH2 groups but the same base formula appear in a KMD plot along the same

horizontal line.

Species highlighted in Figure 4.4 are organics observed in the positive and negative ion modes during

high biological activity, beginning of the experiment, and during low biological activity, end of the

experiment. Additionally, KMD plots from fragments present in the positive and negative ion modes

on the first day of the experiment were determined and presented in Figure ?? in the supplemental

information. These common organics in Figure 4.4, are significant, due to their constant presence

regardless of the amount of viable heterotrophic bacteria in seawater. Due to their omnipresence, this
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Figure 4.4: Kendrick mass defect plots of common organic species across the bloom. a.
Common ion fragments in the negative ion modes. b. Common ion fragments in the positive
ion mode. Common ion species were defined as species measured in both the beginning and
end of biological blooms with an integrated ion signal greater than 1000 counts.

suggests some organics impact secondary marine aerosol formation and growth during times of both

high and low biological activity. These common species are mostly oxidized organics, consistent

with extremely low volatility products, potentially of origin from the sea-surface microlayer. As

these organics are present across the whole experiment time, these low volatility products may

be contributors to new particle formation and growth in marine environments during times of low

biological activity, when acid-base gaseous precursors are not present. The high mass defect C10 and

C14 species present in both ion modes are likely long chain ketones, which would suggest oxidation

of long-chain molecules from the sea surface contributes to secondary marine aerosol formation.

Prior field work from the Arctic suggests that gas-phase atmospheric oxidation of components from

the sea-surface microlayer similar to these observed long chain molecules could contribute to Arctic

marine secondary organic aerosol (Abbatt et al., 2019). The results of these common organics

suggest that low volatility oxidation products of species likely from the sea surface universally lead

to secondary marine aerosol formation, albeit a less significant mechanism leading to the formation

of new particles.
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4.5 Conclusion

The composition of secondary marine aerosol was measured using TDCIMS during the 2019 SeaSCAPE

experiment at the Scripps Institution of Oceanography. Secondary marine aerosol was produced

through the equivalent one-day exposure of gaseous precursors emitted from coastal sea water to

hydroxyl radical. The TDCIMS measured the composition of these ultrafine particles and specific

species were calibrated to obtain mass fractions. This work reports calibrated mass fractions of am-

monium, sulfate, methanesulfonic acid (MSA), dimethylamine and particle phase iodine. More ultra-

fine secondary marine aerosol was generated during high biological activity, when sulfur-containing

gaseous precursors were at their highest concentrations. When sulfur-containing VOCs were at their

highest, roughly 40% of the mass fraction was composed of TDCIMS-calibrated species, suggesting

neutralization reactions occurred leading to the generation of secondary particles. Of the calibrated

fractions, we hypothesize that particulate DMA and ammonium were likely neutralized by organic

acids as well as sulfuric acid and MSA. While organic acids were not calibrated, their normalized

ion signal had similar trends compared to the other acidic species measured. These measurements

suggest that acid-base neutralization chemistry may impact the nucleation processes of secondary

particles in marine environments. Additionally, the organic composition was assessed. In general,

different nitrogen- and sulfur-containing organics were readily measured during times of high bio-

logical activity. The organic fraction of measured particles were tightly correlated to monoterpene

gas phase measurements. Common organics observed during periods of both low and high biological

activity were mostly comprised of extremely low volatility organic species whose oxidation products

likely originated from sea surface. These results suggest that the dominant pathways of secondary

marine aerosol generation are dependent on active biology and supports current literature that

acid-base chemistry may be critical in forming new particles in marine environments. This work

provides insights into the composition of secondary marine aerosol, which are needed to understand

climate-relevant properties like hygroscopicity that ultimately impact the ability of these particles

to serve as cloud condensation nuclei.
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Chapter 5

Conclusions and Future Perspectives

5.1 Conclusions

We have measured the composition of ultrafine particles across the "Green Ocean," the Amazon

Basin, and over the "Blue Ocean," in a Southern Californian marine environment. Through mea-

suring particle composition and performing additional statistical analysis, we additionally drew

comparisons to larger (>100 nm diameter) particle populations and hypothesize unique formation

and growth processes that govern the composition and, ultimately, health and climate impacts.

The composition of ultrafine particles in the Amazon Basin was measured during the GoAma-

zon2014/5 campaign. TDCIMS measurements focused on ten consecutive days during this cam-

paign with differing air mass origins as determined through HYSPLIT back-trajectory analysis.

The first five days, deemed the "anthropogenic period" of these measurements coincided with air

masses traveling over Manaus, a megacity to the east of the sampling location with roughly 2.2 mil-

lion inhabitants. The later fives days coincided with air masses traveling dominantly from forested

regions to the north of the sampling location and was deemed the "background period." TDCIMS

was operated in selected ion mode, selecting the five most abundant ions in both ion polarities. Of

the negative ion mode species measured, particulate bisulfate dominated the ion fraction during
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the anthropogenic period and we hypothesize that the source of this species is anthropogenically

derived SO2. During times of the largest fraction of particulate bisulfate, the positive ion mode

measured larger fractions of particulate ammonium and trimethyl ammonium. The most abundant

negative ion measured across the measurement period was attributed to CNO– (m/z 42), which

was previously found to be a major component of ultrafine particles in urban locales. When we

observed this previously we hypothesized that it is likely sourced to biomass burning or industrial

sources. However, this fragment measured during GoAmazon2014/5 was not of anthropogenic origin

as it did not show any increase in ion intensity during the dry season, when biomass burning would

be highest. We hypothesize that this fragment is associated with organic nitrogen species related

to the aerosol formation from biogenic emissions of certain species, like emissions of amino acids,

water-soluble organic species and other proteinaceous compounds in the gas phase. Of the positive

ion mode species, C5H7O
+ (m/z 83) was the most abundant fragment and linked to protonated 3-

methyfuran. This ion fragment is likely linked to isoprene-dervied secondary organic aerosol and is a

marker of isoprene epoxydiol (IEPOX) species. Additionally, particulate potassium was observed in

ultrafine particles, which has been previously measured in larger particulate sizes and hypothesized

to originate from the rupturing of fungal spores at high relative humidities. Hierarchical clustering

and principal component analysis suggests two different unique influences on ultrafine particle com-

position. The first showed correlation of ultrafine particulate acetate, hydrogen oxalate, cyanate,

trimethyl ammonium and 3-methylfuran and the second showed correlation between ultrafine par-

ticulate sulfate, chloride, ammonium and potassium. We conclude from these measurements that

ultrafine particle composition can be influenced by regional anthropogenic sources but still is heav-

ily influenced by biogenic emissions from forested regions. Interestingly, there was an additional

cluster of AMS-measured species that was separated from the two ultrafine particulate composition

clusters. From this, we conclude that there are different sources or processes that impact ultrafine

particle formation compared to larger submicron-sized particles in the Amazon Basin.

The particle composition of primary and secondary marine ultrafine aerosol was measured during the

SeaSCAPE experiment. Primary ultrafine aerosol, known as sea spray aerosol (SSA), was produced

via bubble breaking mechanisms using a wave flume at the Scripps Institution of Oceanography.
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We measured the inorganic mass fraction and some organic components in ultrafine SSA and in

100-200 nm diameter SSA. The inorganic component, from sodium chloride, dominated the mass

fraction during times of low biological activity, the latter measured by viable cell count. During

times of greater activity, the organic fraction dominated although sodium chloride was still present.

Additionally, during these peak organic fraction times, the TDCIMS was not sensitive to the or-

ganic components, which indicates that they are likely comprised of humic-like substances or other

complex organic compounds that the TDCIMS is not sensitive too. Of the species that TDCIMS

measurements was sensitive too, there were clear fatty acid and polysaccharide components present.

However, these fatty acid and polysaccharide components were not measured in the 100-200 nm

diameter SSA, indicating that ultrafine SSA have a unique composition compared to larger particle

sizes. By applying principal component analysis, we found that the TDCIMS organic fraction was

positively correlated with the AMS organic fraction. From this we conclude while the composition

of ultrafine SSA is unique compared to larger particle sizes, the processes that govern the generation

of each size population are similar.

In addition to SSA measurements, we performed measurements on secondary marine aerosol (SMA)

in the sub-100 nm diameter range. SMA was produced through the equivalent of one day of

hydroxyl radical oxidation of gaseous precursors from seawater that was circulated into an isolated

sampling vessel and potential aerosol mass oxidation flow reactor. We reported the composition of

ultrafine SMA during times of high biological activity, due to substantially larger mass loading during

these times. The composition is dominantly influenced by inorganic and organic sulfur containing

species. However, abundant nitrogen-containing organics and non-nitrogen and sulfur-containing

organics were measured as well. Additionally, we calibrated for the mass fractions of particulate

ammonium, sulfate, methanesulfonic acid, dimethylamine and iodide. Correlations between sulfur-

containing VOCs and particulate mass indicate that these species are more efficient at forming new

secondary particles. Additionally, when sulfur-containing VOCs were at their highest mixing ratios

of ∼5 ppb total, roughly 40% of the mass fraction was composed of TDCIMS-calibrated species,

suggesting that neutralization reactions occurred and led to the formation of SMA. In addition to

the calibrated species, organic acids were measured and we hypothesize they additionally contribute
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to these acid-base neutralization reactions leading to the formation of secondary particles. Lastly,

we assessed the influence of shared organics across periods of low and high biological activity. These

common organics, which are defined as organic fragments measured during times of low and high

particle mass concentrations, comprise primarily of oxidized organics with extremely low volatilities,

likely originating from the sea surface. This work provides additional evidence that the formation

pathways of secondary marine aerosol are dependent on active biology and that acid-base chemistry

may be critical in forming new particles in marine environments.

5.2 Future Work

Future measurements of composition through field experiments are needed to continue to bridge

the gap in understanding between the chemical composition and a variety of physical properties.

Having a better understanding of composition is important but the direct and indirect relationships

to climate-relevant physical properties are also needed.

With respect to future work involving investigating ultrafine particle composition in the Amazon

Basin, annual, or even long term, measurements of composition and size distribution continue to

be needed. While intensive operating period-style field experiments are great to gather as much

information as possible in a short amount of time, this is a limited view of the nuances of regional

aerosols. Therefore, continuous measurements of boundary layer ultrafine particles can help an-

swer the following outstanding questions: What are the seasonal dependencies on ultrafine particle

composition during the wet, dry and transition seasons? To what extent may local and regional an-

thropogenic sources influence ultrafine particles in the region? To what extend is particle formation

in the Amazon Basin driven by isoprene or monoterpenes? In addition to direct composition mea-

surements, indirect measurements of physical properties like hygroscopicity using a hygroscopicity

tandem differential mobility analyzer or its volatility counterpart (HTDMAs/VTDMAs) can give

indirect insights into the composition but also shed light on climate-relevant properties. Hygroscop-
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icity measurements across both the wet and dry seasons, especially, can help provide insights into

cloud condensation nuclei (CCN) of ultrafine particles.

Future work involving marine aerosol should continue to investigate the role of heterogeneous chem-

istry on photochemical aging of sea spray aerosol. This thesis investigated the composition of only

sea spray aerosol and secondary marine aerosol. While it is important to understand the formation

and growth processes and composition of these two components of marine aerosol, marine aerosols

are not isolated into just these two formation pathways. The real marine environment produces

mixtures of sea spray, secondary marine aerosol and aged sea spray. Continuing to understand the

composition, number, hygroscopicity and CCN activity of each component of marine aerosol can be

provide insights into their potential impacts on climate and air quality. Additionally, a major push

in the field is to better understand the relationship between active marine biology and the com-

position of primary and secondary marine particles. As marine biota are major sources of gaseous

precursors to secondary marine aerosol, expanding the range of biological conditions of field exper-

iments are important to give a diverse perspective of their impact on secondary and aged marine

aerosol. Online, direct measurements of composition in various marine environments is crucial to

understand another source of natural aerosol. Current literature suggests different marine envi-

ronments yield differing ambient particles. Therefore, measurements of particle composition and

physical properties should include remote environments to get a sense of background marine aerosol,

and also coastal marine environments to understand local and regional anthropogenic influence on

marine aerosol. Continuing to pursue this work should look towards helping answer the following

outstanding questions: What is the composition of ultrafine, aged sea spray aerosol in both pristine

and coastal environments? How does the composition of ultrafine marine aerosol relate directly to

the varying types of active biota present in marine environments? How do the hygroscopic proper-

ties of ultrafine marine aerosol relate to active marine biological activity and what are the trends of

this physical property relative to the range of marine biota present? Further investigation into these

questions can yield more expansive results that can be incorporated into global climate models.
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Figure A.1: (top) Complete background subtracted scan in negative ion mode on 3 February,
2014 at 4:00am local time. Of the five analyzed ions measured, m/z 42 (organic nitrogen
species), m/z 59 (acetate) and m/z 89 (hydrogen oxalate) were measured. While chloride and
bisulfate were not measured at this particular scan, chloride (m/z 35 and 37) was additionally
selected to be analyzed to determine potential influence of marine air on particle composition.
Bisulfate (m/z 97) was also chosen for analysis as a marker for anthropogenic influence.
(bottom) Complete background subtracted scan in positive ion mode on 3 February, 2014 at
5:00am local time. Complete mass spectra were compiled over a couple of days and above
are examples of two complete scans.
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Figure A.2: Examples of particle size distributions from two mornings (midnight through
9:00). (left) Example distribution from the anthropogenic period. (right) Example distribu-
tion from the background period.
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Figure A.3: Diurnal patterns of the estimated mass collected on the TDCIMS Pt filament
during collection. a) Anthropogenic period: in which no regular diurnal pattern is observed.
b) Background period: characterized by peaks in collected mass in mid-afternoon and at
least half the mass collected compared to the anthropogenic period. The horizontal dashed
lines represent the average mass collected for each period, with the average mass collected
for anthropogenic period being 126 ± 124 ng and for the background period being 39.9 ±
41.2 ng.
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Figure A.4: Diurnal patterns for both anthropogenic and background periods of mass nor-
malized negative ion abundances. Peaks at similar times were observed for all species, from
6:00-8:00 and 16:00 to 18:00 for the anthropogenic time and from 6:00-8:00 for the back-
ground period.
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Figure A.5: Positive ion mode fraction (top) and black carbon concentration (determined
from Aethalometer data recorded at 880 nm, bottom). During the background period, there
were times of lower (near zero) black carbon concentration, but times of biomass burning
influence as well. The potassium event observed on 22 March coincided with elevated levels
of black carbon, but not as large as concentrations observed during the anthropogenic time.
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Figure A.6: Potassium ion fraction for all of IOP1 and diurnal pattern for ion fraction. Of 163
measurements during this twenty-day period of measurements, roughly 14% of measurements
had a potassium ion fraction greater than 0.1. Also, roughly 12% of measurements had no
measureable amount of potassium.
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Figure B.1: Size-resolved collection efficiency of ultrafine particles in TDCIMS, based on
SMPS-sampled size distributions and errors downstream of the TDCIMS collection wire
during the experiment.
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Figure B.2: Thermograms of Na+ from sodium chloride atomized particles (dashed) and
of typical sea spray aerosol (solid). The highlighted modes are the Gaussian parametrized
curves used for the quantification of sodium chloride in sampled nSSA. See Figure B.3.
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Figure B.3: Comparison in calibration curves for Na+ signal for NaCl and Sea Salt atom-
ized standards. Top graph is the complete integration of the Na+ thermogram, showing a
non-linear relationship. The bottom graph is the integration of the first desorption mode,
around 37 s, showing a different sensitivity for the NaCl and sea salt standard with a linear
relationship.
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Figure B.4: Estimated total mass of particles during one-hour nascent sampling times (black
bars) versus estimated mass of sodium chloride during one-hour nascent sampling (blue
circles). Error bars shown for both time series, where error bars in total mass collected is
due to the collection efficiency error shown in Figure B.1

Figure B.5: a) Mass collected of polysaccharide species using two polysaccharidal ion frag-
ments as a general estimate. b) Average polysaccharide fraction is determined using the
average of the two polysaccharidal masses and total particulate mass collected. These re-
sults suggest the fraction of polysaccharides could make up to 60% of the ultrafine sea spray
aerosol mass fraction. Large uncertainty at lower polysaccharide fractions are due to the
uncertainty in total particulate masses collected and ion signal uncertainties.
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Figure B.6: Number size distributions during later bloom (blue trace) and at the beginning
of the bloom (green trace). The difference of these two distributions (red trace) shows no
influence of particle contamination, verified by a relatively consistent enhancement factor
(black trace). These results suggest that the number increase was a real increase in sea
spray number, not an increase in background contamination.
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Figure B.7: a) Trend in mass normalized polysaccharide organic ions C5H5O
+

2 and C6H5O
+

3
and the presence of polysaccharide producing bacteria (red shaded traces; Vibrionales, Psue-
doaltermonas and Oceanospirrales) as measured and classified utilized 16S molecular net-
working. b) Trend in mass normalized fatty acid organic ion C14H29O

+
2 and presence of

lipase producing bacteria (blue shaded traces; Moraxella and Pseudomondales). The rela-
tive abundance of these bacteria are reported
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Calibration of individual ions

Single component particles were generated using a medical nebulizer (Portex Flo-Mist, Smiths Medi-

cal) and collected, in alternating polarities, to obtain the signal responses to various sample masses.

The mass of the particles collected was calculated via the following calculations, using measure-

ments from the TDCIMS condensation particle counter, which sampled exhaust air downstream of

the collection wire:

The volume of collected particles was calculated by determining the volume mean diameter of

collected particles from the measured size distribution, and multiplying this by the measured number

concentration of collected particles.
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The mass of total particles for each calibration experiment was calculated using the equation above,

except the individual densities of each of the calibrated species was used. The utilized densities

were as follows: The density of sodium chloride particles was 2.16 g/cm3, the density of ammonium

sulfate particles was 1.77 g/cm3, the density MSA-DMA particles was 1.26 g/cm3, the density of

iodic acid particles was 4.62 g/cm3.

The particles were dried prior to collection, so the total particle mass was equivalent to the total

mass of calibrant. To get the mass of the individual positive or negative ion, the total mass of

particles was weighted by the mass fraction of each ion using the following general equation:

Once the mass of individual species was calculated, the signal response of each species was de-

termined. The TDCIMS ion fragments for each of the individual calibrated species are shown in

Table S1. For species with more than one observed ion fragment, the total ion fragment observed is

the sum of the signals of each of the individual fragments. These results yielded linear calibration

curves, which were used to determine the time series of the mass collected of each species (Figure

S2). Results reported herein report the mass fraction of each calibrated species.
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Figure C.1: Calibration curves obtained from aerosolized solutions of sodium chloride, am-
monium sulfate, iodic acid and DMA-MSA. Measurements report the signal response for a
given sample mass of the individual component and were used to obtain a time series of each
individual component during the experiment.
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Figure C.2: To rule out the influence of sea spray aerosol on the collected particles, compar-
isons of the size distributions between the the OFR ("dome") off, meaning no OH generation,
and on, with OH generation, show minimal sub-100 nm particle influence. Background with
the plunging jet off and on show minimum sub-100 nm particle generation as well. The
black traces shows in the integrated mass concentration of sub-100 nm particles, assuming
density of 1.7 g/cm3. When both the OFR and plunging jet are off, there is minimal mass
concentration of sub-100 nm sea spray. When the OFR is on, significantly more particulate
mass is produced, suggesting we see no influence of sea spray aerosol in our measurements.
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Figure C.3: Campaign size distribution measurements with overlay trace (solid black) of sub-
100 nm particle integrated number concentration (upper plot). Total heterotrophic bacteria
(shaded blue) and average chlorophyll A concentration (shaded green) are shown on bottom
plot to assess viable biological activity and organic carbon pool, respectively. Measurements
of these during the experiment are explained in further detail in Glicker et al., 2022.
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Figure C.4: Total particulate molar base-to-acid ratio of TDCIMS-measured compounds.
Total moles of base are the sum of the molar quantities of ammonium and dimethylamine.
For the total acid ratio without organic acids accounted for, the total moles of acid are the
sum of the molar quantities of (sulfate*2), since it is a diprotic acid, iodine and MSA. For
the total acid ratio with organic acids accounted for, the total moles of acid are the same
as prior, but with the addition of 2 moles of the dicarboxylic acids. To achieve this, since 2
dicarboxylic acids were readily measured, we equated this to 1 mole of sulfate, since sulfate
is a diprotic acid.

Figure C.5: Kendrick Mass Defect plots of all non-N and S containing organic species on
the first measurement of the experiment. a) KMD plot with fragments in the negative ion
modes. b) KMD plot with fragments in the positive ion mode
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