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Atmospheric particles represent a large source of uncertainty in global radiative modeling, which

is driven largely by an incomplete understanding of the processes responsible for their formation

and growth. Particles smaller than 100 nm in diameter, termed ultrafine particles, are of particular

interest because of their potential to grow into cloud condensation nuclei (CCN). Their ability

to act as CCN depends on numerous factors, including their chemical composition and physical

properties. These properties depend on the conditions under which the particles formed, meaning

that an improved understanding of these conditions will improve global climate modeling. There is

currently a poor understanding of the processes leading to the formation and growth of these small

particles in remote locations. This dissertation investigates the processes that lead to ultrafine

particles in two remote environments: the Alaskan Arctic and the Amazon Basin.

In Chapter 2, we reported indirect measurements of ultrafine particle composition made during

March 2009 in Utqiagvik, Alaska. We compare measurements of ambient size-selected ultrafine

particles and those measured during two ultrafine particle growth events, all of which occurred

during periods with minimal local emissions. The ambient particles were found to be moderately

hygroscopic, with measured hygroscopic growth factors (HGFs) ranging from 1.45 to 1.51 at 90 %

RH, and largely volatile. Combining these data, we estimated that the volume of these particles

were comprised of oxidized organics (∼70 %) and ammoniated sulfates (∼30 %). The first ultrafine

particle growth event was associated with both solar radiation and elevated levels of sulfuric acid at

xvi



the site, and analysis of air mass back-trajectories indicated that this event was influenced by the

upper marine boundary layer above the Arctic Ocean. The second event was not associated with

solar radiation or sulfuric acid. Air masses for this event were close to the surface of the Arctic Ocean

and passed over open leads, suggesting influence from marine emissions on the observed particle

composition. Particles in Event 1 (HGF = 2.1 for 35 nm particles) were more hygroscopic than

those in Event 2 (HGF = 1.67 for 15 nm, 1.94 for 35 nm), though both were similarly volatile. From

these data we estimated that particles in both events were largely comprised of a highly-hygroscopic

and volatile sea salt-like compound (Event 1: 74 %; Event 2: 15 nm - 63 %, 35 nm - 74 %), with

particulate volume in Event 1 balanced by sulfuric acid (22 %) and oxidized organics (4 %) and

that in Event 2 balanced by a large fraction of oxidized organics (15 nm: 37 %; 35 nm: 26%).

The next two chapters of this thesis focus on measurements from the Amazon Basin. Chapter

3 reports measurements of sulfuric acid from the Amazon Basin made during the Green Ocean

Amazon (GoAmazon2014/5) field experiment during both the wet and dry seasons. There was

little difference in median concentrations measured between the wet (7.82x105 molec cm−3) and

dry seasons (2.59x105 molec cm−3). While these measurements are consistent with those made

in Hyytiälä, Finland, unlike in Hyytiälä there was no obvious correlation between sulfuric acid

and radiation. Additionally, we evaluated the ability of existing sulfuric acid parameterizations,

which estimate sulfuric acid concentrations based on the concentrations of its sources and sinks, to

estimate measurements from the Amazon Basin. None of the parameterizations effectively estimated

nighttime measurements. We hypothesize that nighttime sulfuric acid is produced through both

oxidation of sulfur dioxide by hydroxyl radical and a stabilized Criegee intermediate pathway; the

former is not included in any current proxy. Several existing proxies are effective for daytime

estimates.

Chapter 4 reports measurements of ultrafine particle number-size distribution from the Tapajós

National Forest, an eastern Amazonian rainforest, made during the transition from the wet-to-dry

season (May - July, 2014). Frequent bursts of ultrafine particles were observed at the measurement

site. Ultrafine particle growth events decreased in frequency from May through July, as did the

number of particles 5 - 30 nm in diameter. The concentration of particles in this size range was

xvii



correlated with boundary layer height in May, suggesting that particle formation during the wet-

ter times of year occurs from nucleation aloft or atmospheric dilution. This correlation decreases

through June and July, indicating that other particle formation mechanism contribute during the

drier times of year. Air mass back-trajectories suggest that aged anthropogenic influence becomes

stronger at the site throughout this transition, which is supported by the observed increase in

particles 100 - 110 nm.
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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. Myers, D.C.; Lawler, M.J.; Mauldin, R.L.; Sjostedt, S.; Dubey, M.; Abbatt, J.; Smith, J.N.

“Indirect measurements of the composition of ultrafine particles in the Arctic late-winter.”

Journal of Geophysical Research: Atmospheres. 2021. 26. DOI:

https://doi.org/10.1029/2021JD035428

II. Myers, D.C.; Kim, S.; Sjostedt, S.; Guenther, A.B.; Seco, R.; Vega Bustillos, O.; Tota, J.;

Souza, R.A.F.; Smith, J.N. “Sulfuric acid in the Amazon Basin: Measurements and evaluation

of existing sulfuric acid proxies.” Atmospheric Chemistry and Physics. In review. 2022. DOI:

https://doi.org/10.5194/acp-2022-166

III. Myers, D.C.; Smith, J.N. “Investigating the factors that contribute to ultrafine particle

concentrations in an eastern Amazonian rainforest.” Aerosol Science and Technology. 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.; Myers, D.C.; Thomas, A.;

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

and challenges 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 Ultrafine Atmospheric Particles on Climate and

Health

Atmospheric aerosols, suspensions of liquid or solid particles and gases in air, are ubiquitous in the

atmosphere. They have numerous climate and human health effects, though their impact is not yet

fully understood. Aerosol particles can be classified by their size in one of the following categories:

nucleation or Aitken mode (∼1 - 100 nm), accumulation mode (∼100 - 2000 nm), and coarse mode

(∼2 - 10 µm). Particles within each size range tend to have similar formation pathways, which

are depicted in Figure 1.1. The smallest particles, which lie in the nucleation or Aitken mode

range, are primarily produced from nucleation of low-volatility gases into new particles. As their

name suggests, accumulation mode particles are typically formed from the coagulation of nucleation

mode particles with other nucleation mode particles or larger particles in the accumulation range.

Unlike particles in these smaller size ranges, coarse mode particles are typically produced through

mechanical processes, such as dust re-suspension, combustion, and wave breaking. This dissertation

focuses primarily on ambient measurements of the formation and growth of nucleation or Aitken

mode particles, with diameters smaller than 100 nm, hereafter referred to as "ultrafine particles"

or "nanoparticles." (Finlayson-Pitts and Pitts, 2000; Whitby and Sverdrup, 1980).
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Figure 1.1: Formation and removal pathways of atmospheric aerosol sorted by size, repro-
duced from Whitby (1978).

Atmospheric particles can significantly impact climate through light scattering. Although ultrafine

particles are generally too small to scatter significant amounts of light, they are precursors for the

larger accumulation mode particles that effectively scatter and absorb radiation (Korhonen et al.,

2008). Ultrafine particles also have the potential to grow into cloud condensation nuclei (CCN),

which serve as seeds upon which water can condense and eventually form clouds. The International

Panel on Climate Change 2022 report states that the indirect radiative forcing effect from aerosols

remains the largest source of uncertainty in global radiative modeling (Skea et al., 2022). This

uncertainty is compounded in existing models due to incomplete understanding of nanoparticle

formation and growth, as well as chemistry inside ultrafine particles (Pierce and Adams, 2009),

illustrating the need for a an increased understanding of how ultrafine particles form and grow.

The emerging field of nanotoxicology focuses on how atmospheric particles can impact human health.

Like with climate, particle size controls their effects on health. Inhaled coarse mode particles are

largely deposited in the mouth and esophagus and are thus not able to cross over to the bloodstream
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(Slezakova et al., 2013). Ultrafine particles are able to deposit on the alveoli, where oxygen exchange

occurs, and can be transported through the bloodstream or lymphatic system throughout the body

(Slezakova et al., 2013). Studies have shown that ultrafine particles are able to translocate to the

brain, increasing the likelihood of contracting neurological illnesses (Allen et al., 2017; Jew et al.,

2019; Oberdörster et al., 2004). In addition to the health effects caused by inhalation of ultrafine

particles, they can also grow into fine particles, which have been correlated with adverse health

effects including asthma and heart disease (Arden Pope III and Dockery, 2012; Dockery et al., 1993;

Turner et al., 2008). Therefore, understanding the chemical components and processes that lead to

the formation of atmospheric ultrafine particles is crucial to reducing their impact on human health.

This thesis is motivated by the need to understand these processes from both climate and human

health perspectives.

1.2.2 Particle Formation and Growth in the Atmosphere

Particles can enter the atmosphere through primary and secondary sources. Primary particles are

directly emitted into the atmosphere from mechanical processes including sea spray produced from

wave braking and wind action (Nilsson et al., 2001), and soil dust particles produced from wind

action (Mahowald et al., 2005). Secondary particles are nucleated in the atmosphere from gas-

to-particle conversion processes (Finlayson-Pitts and Pitts, 2000). Atmospheric ultrafine particles

are largely formed from secondary processes in new particle formation (NPF) events, which have

been observed globally in both polluted and remote environments (Baccarini et al., 2020; Bzdek

et al., 2011; Carnerero et al., 2018; Dada et al., 2017; Kerminen et al., 2018b; Kulmala et al., 2013,

2004; Modini et al., 2009; Weber et al., 1997; Zhang et al., 2012). NPF is the dominant source of

atmospheric ultrafine particles, thereby contributing heavily to CCN concentrations (Dunne et al.,

2016; Merikanto et al., 2009; Pierce and Adams, 2009; Spracklen et al., 2006, 2008). During NPF,

gas molecules collide and form clusters in the atmosphere held together by intermolecular forces

(Kirkby et al., 2011; Kulmala et al., 2013; Lee et al., 2019; Weber et al., 1996). Only under certain

conditions can these molecular clusters grow to nanoparticles (Kirkby et al., 2011; Kulmala et al.,

2014; Pichelstorfer et al., 2018; Weber et al., 1996; Whitby, 1978; Zhang et al., 2012). These clusters
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then experience rapid growth to avoid removal via coagulation with larger particles. Particles 1 - 10

nm in size have atmospheric lifetimes on the order of minutes, as shown in Figure 1.2 (Cai and Jiang,

2017; Kuang et al., 2010). Growth pathways for these clusters are limited by the Kelvin effect, a

phenomenon in which supersaturation of a condensing molecule is necessary for its condensation

onto a curved surface (Finlayson-Pitts and Pitts, 2000). The only growth pathways for these clusters

are through irreversible condensation of low-volatility vapors or through reactive uptake, in which

reactions of volatile species occur on the surface of the cluster to generate non-volatile products,

thus growing the particles (Finlayson-Pitts and Pitts, 2000). These processes are dictated by the

availability of the gaseous species near the cluster to grow it. A more thorough understanding of

the processes and chemical species leading to NPF and growth is necessary for better understanding

their abilities to act as CCN.

Figure 1.2: Residence times of atmospheric particles and loss pathways as a function of size,
reproduced from Smith et al. (2004).

NPF has been observed globally to occur during sunny conditions, indicating that photochemistry

is an important factor in this process (Bzdek et al., 2011; Jokinen et al., 2017; Kerminen et al.,

2018a). Sulfuric acid (H2SO4), which is produced photochemically, has been observed to be an

important contributor to NPF (Almeida et al., 2013; Fiedler et al., 2005; Korhonen et al., 1999;

Kuang et al., 2008; Kulmala et al., 2006; McMurry et al., 2000; Myllys et al., 2019; Weber et al.,

1996) and particle growth through both condensation (Bzdek et al., 2012; Paasonen et al., 2010;

Stolzenburg et al., 2005, 2020; Wehner et al., 2005) and acid-base reactions (Barsanti et al., 2009;
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Chen et al., 2018; Lavi et al., 2015; Smith et al., 2010). The major gaseous precursor to H2SO4 is

sulfur dioxide (SO2), an atmospheric pollutant largely emitted from fuel burning and from volcanic

eruptions (Finlayson-Pitts and Pitts, 2000), which is oxidized by hydroxyl radical (OH). In addition

to these sources of H2SO4, it can also be formed through the oxidation of alkenes by ozone (O3)

via a stabilized Criegee intermediate pathway (Mauldin et al., 2012), which has been suggested

to contribute significantly to nighttime H2SO4, particularly in regions with high alkene concentra-

tions like Hyytiälä, Finland (Dada et al., 2020). Recent environmental regulations have reduced

emissions of SO2, and H2SO4 alone cannot explain measured growth in new atmospheric particles.

Measurements of ambient atmospheric clusters and sub-20 nm ultrafine particles have shown that

ammonia, amines, and oxidized organics also participate in NPF in many locations (Ehn et al.,

2014; Junninen et al., 2010; O’Dowd et al., 2002; Riipinen et al., 2012; Smith et al., 2008, 2010;

Wang et al., 2006). Figure 1.3 summarizes these recent measurements to illustrate the important

contributing species to atmospheric particle formation and growth. Particles ∼1 nm in size are

largely grown by H2SO4, amines, ammonia, and extremely-low volatility compounds (ELVOCs).

H2SO4 and ELVOCs are sufficiently low volatility to overcome the Kelvin effect and irreversibly

condense onto existing particles. Amines and ammonia are too volatile to overcome the Kelvin

effect, instead contributing to particle growth through acid-base reactions that produce non-volatile

protonated ions (Barsanti et al., 2009; Chen et al., 2018; Lavi et al., 2015; Smith et al., 2010).

As the particles grow, H2SO4, amines, and ammonia contribute less to particle growth and higher

volatility organic gases participate more as the Kelvin effect becomes less important. Low volatility

organic compounds (LVOCs) and semi-volatile organic compounds (SVOCs) are able to condense

and grow the particles. The composition of newly-formed particles is dependent upon the ambient

gas-phase precursors and oxidants, which can contribute significantly to the fates of these particles

in the atmosphere. Measurements of newly-formed and growing ultrafine particles are necessary to

elucidate their formation processes and predict their atmospheric fates, particularly in regards to

their potential impacts on climate.
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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 Formation and Composition of Ultrafine Arctic Particles

Over the last fifty years, numerous field measurements have led to increased understanding of the

composition of atmospheric particles in the Arctic. During late winter and early spring, visibility

in many regions of the Arctic is greatly reduced by the presence of Arctic Haze (Greenaway, 1950;

Quinn et al., 2007; Shaw, 2003), which results from transport of pollutants from the Northern

Hemisphere to the Arctic, where they are chemically aged (Barrie, 1986; Frossard et al., 2011;

Heintzenberg, 1982; Law and Stohl, 2007; Quinn et al., 2007; Rahn, 1981; Tunved et al., 2013).

Particles in the accumulation mode are the main mode during this time of the year, resulting in

the highest particulate mass concentrations of the year (Barrie, 1986; Rahn, 1981; Tunved et al.,

2013). Due to the persistence of haze during winter and spring, most measurements made during

this time of year have focused on accumulation and coarse mode particles. Measurements of particle

composition have been mainly accomplished through direct methods, including off-line analysis of

ambient samples collected by filters, and indirect methods, such as light absorption analysis of
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particles in-situ. During filter sampling, particles are collected on a filter for later off-line chemical

analysis. The particles collected on the filters can be analyzed using off-line techniques such as

spectroscopy, ion chromatography, and mass spectrometry. While filters can collect atmospheric

ultrafine particles, they are bulk measurements which are biased toward larger particles due to their

larger total mass in the sample. Measurements of particle light scattering are similarly biased toward

accumulation and coarse mode particles due to their significantly larger volumes than ultrafine

particles.

Nonetheless, measurements made with these techniques can provide some insight into the processes

leading to NPF and growth. Filter-based measurements from 1976-1978 found that non-seasalt

(nss) sulfate and sea salt were the main components of ambient particles in Utqiagvik (formerly

Barrow), Alaska (Patterson et al., 1967). Quinn et al. (2009) compared the chemical composition

of filter-sampled particles collected from 1976-1967 and 1997-2008 in Utqiagvik to assess changes in

concentration and chemical speciation over this period. During the Arctic Haze period, particulate

concentrations of nss sulfate decreased, indicating that emissions have decreased over the period of

study, though they remained a major component of winter submicron particle (diameters less than

1 µm) composition. More recent wintertime measurements from Utqiagvik, Svalbard, and Siberia

have confirmed that ambient particles are largely composed of sea salt, nss sulfate, and organic

species (Hansen et al., 2014; Kirpes et al., 2018, 2019; Tomasi et al., 2012), altogether suggesting

that anthropogenic pollutants are contributing to particle formation and growth in this region.

Aircraft measurements of particle light scattering near Utqiagvik suggested that brown carbon, a

product of both combustion and photooxidation of secondary organic aerosol (SOA) components

(Laskin et al., 2015), and black carbon, a product of combustion processes, as well as organic species

were significant contributors to particle composition during this time of year (Clarke et al., 1984;

Shantz et al., 2014).

To date, there are few studies of accumulation and coarse mode particles made during NPF and

growth events in the Arctic winter and spring. Analysis of filter samples collected in Tiksi, Rus-

sia during NPF found that anthropogenic pollutants are the major source of secondary particle

formation during winter and spring, while biogenic emissions are more significant in the summer
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(Asmi et al., 2016). Kolesar et al. (2017) used measurements of particle number-size distributions

during growth events in Utqiagvik to correlate growth rates with air mass influences. Nearly half

of the growth events observed occurred during winter and spring, of which about half were classi-

fied as influenced by emissions from Prudhoe Bay and the other half marine influenced using air

mass back-trajectory analysis. These observations suggest that emissions of both anthropogenic

pollutants and biogenic species contribute to secondary particle formation and growth during this

time of year. Growth of primarily-produced particles, such as sea spray from open leads, is another

possible contributor to atmospheric ultrafine particles in this region.

In contrast to winter and early spring, during summer and fall the Arctic atmosphere is a much more

pristine environment. After the boundary layer retreats biogenic emissions become more important

to atmospheric processes (Asmi et al., 2016). Most of the studies of atmospheric nanoparticle

formation, growth, and chemical composition occur during this time of year to assess the impacts

of marine biogenic emissions (Abbatt et al., 2019; Allan et al., 2015; Baccarini et al., 2020; Chang

et al., 2011; Collins et al., 2017; Giamarelou et al., 2016; Heintzenberg et al., 2015; Karl et al.,

2012, 2013; Kecorius et al., 2019; Kolesar et al., 2017; Kupiszewski et al., 2013; Lawler et al.,

2021; Nguyen et al., 2016; Park et al., 2020; Tunved et al., 2013; Willis et al., 2016; Ziemba et al.,

2010). During wintertime, the main source of particulate sulfate was historically thought to be from

oxidation of anthropogenically-emitted SO2 to H2SO4 (Barrie, 1986; Quinn et al., 2002). During

spring and summer, in the absence of the high concentrations of aged pollutants present during

the wintertime boundary layer, marine biogenic emissions of sulfur are hypothesized to be the

dominant atmospheric source. Specifically, gaseous dimethylsulfide (DMS) is emitted from ocean

surfaces from bacteria, phytoplankton, and zooplankton biological activity (Simó, 2001; Stefels et al.,

2007). These emissions increase as the ice pack decreases in size and air-ocean interfaces increase,

allowing for increases in exchange between the two (Leck and Persson, 1996; Quinn et al., 2009). In

the atmosphere, DMS is oxidized by OH to form methanesulfonic acid (MSA) and H2SO4, both of

which contribute to NPF and growth due to their decreased volatility compared to DMS (Bardouki

et al., 2003). As a result of the wintertime sea ice pack decreasing in size, particulate sulfate from
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DMS emissions had become more important in this region, a trend that is hypothesized to continue

with increased Arctic warming (Dall’Osto et al., 2017; Mahmood et al., 2019; Sharma et al., 2012)

Atmospheric nanoparticle formation was observed to occur readily in the marine boundary layer

during Arctic summer and fall; associated gas-phase measurements suggested that marine biogenic

sources of organic and sulfur-containing gaseous precursors contributed to the NPF events (Burkart

et al., 2017). Other observations made during NPF and growth from various Arctic locations

associated these NPF with MSA, H2SO4, and organic species (Abbatt et al., 2019; Burkart et al.,

2017; Chang et al., 2011; Dall’Osto et al., 2017, 2018b; Ferek et al., 1995; Ghahremaninezhad et al.,

2016; Leaitch et al., 2013; Quinn et al., 2002; Tremblay et al., 2019; Willis et al., 2016). Other species

suggested to contribute to atmospheric nanoparticle formation this time of year include iodine (Allan

et al., 2015; Baccarini et al., 2020), marine nanogels (Dall’Osto et al., 2017; Karl et al., 2013; Leck and

Bigg, 2010; Leck et al., 2013), and polysaccharides (Lawler et al., 2021). Similar to winter and spring

measurements, most of these studies used indirect methods to infer particle chemical composition.

These include measurements of particle number-size distribution accompanied by measurements of

gas-phase precursors (Abbatt et al., 2019; Baccarini et al., 2020; Burkart et al., 2017; Chang et al.,

2011; Dall’Osto et al., 2017, 2018b; Ferek et al., 1995; Karl et al., 2013; Leaitch et al., 2013; Nguyen

et al., 2016; Willis et al., 2016), direct measurements of Aitken-mode particle composition during

NPF events (Allan et al., 2015; Karl et al., 2013; Leck et al., 2002; Leck and Bigg, 2010), analysis

of particle growth rates combined with air mass back-trajectories (Park et al., 2020; Ziemba et al.,

2010), and measurements of particle physicochemical properties from which composition can be

inferred (Giamarelou et al., 2016; Kecorius et al., 2019). Combinations of indirect measurements,

such as gas-phase precursor measurements and particle physicochemical properties, as well as direct

measurements of new atmospheric particles, are lacking.

Climate change is most accelerated at the poles (Box et al., 2019), and impacts seen there are

good indicators of the changes that will be seen around the world (Serreze and Barry, 2011). It is

important to understand the factors that contribute to this process, known as Arctic amplification.

Much of the motivation behind previous studies has been to better estimate the radiative effects of

atmospheric particles in this region. Black carbon, an important component of haze particles, has
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a net warming effect, and its concentration in coarse mode particles is increasing due to increasing

emissions from Asia (Box et al., 2019; Shindell and Faluvegi, 2009). Other components of haze,

including organics, sulfate, and sea spray, tend to have a cooling effect (Schmeisser et al., 2018).

Particles in the accumulation and coarse modes are able to scatter light effectively, leading to haze

particles that tend to have a net cooling effect in the Arctic (Navarro et al., 2016). The radiative

effects of atmospheric ultrafine particles are still poorly understood; they are too small to effectively

scatter light, but are precursors to larger accumulation mode particles which can more effectively

scatter and absorb radiation to impact climate (Korhonen et al., 2008). Additionally, the Arctic

can be a CCN limited region (Mauritsen et al., 2011), meaning that increases in particle number

concentration, particularly through NPF (Abbatt et al., 2019), can contribute significantly to their

concentrations through condensational growth, thus impacting their climate effects (Allan et al.,

2015; Kecorius et al., 2019; Leaitch et al., 2016; Mauritsen et al., 2011). More observations of

atmospheric nanoparticle composition and formation in the Arctic are needed to better predict

their climate impacts in this sensitive region.

1.2.4 Formation and Composition of Amazon Basin Ultrafine Par-

ticles

Organic species have been shown to constitute a large fraction of atmospheric particle composition

(Jimenez et al., 2009), but estimating their contribution to particulate volume using models is dif-

ficult in regions with both anthropogenic and biogenic emissions like the Amazon Basin (Hodzic

et al., 2020; Shrivastava et al., 2017). Increases in global population have led to increases in an-

thropogenic emissions, and the effects of these emissions on SOA formation is an area of continued

study (Charlson et al., 1992; Hodzic et al., 2016, 2020; Shrivastava et al., 2017). Specifically, the

reactivity of gaseous organic species in the presence of sulfur and nitrogen oxides to form SOA is a

significant area of uncertainty (Marais et al., 2016; Shrivastava et al., 2017). There has been recent

success incorporating the chemistry between these species in air quality models for the southeastern

United States (Carlton et al., 2018), though this has yet to be done successfully in global models
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(Liu et al., 2021; Xu et al., 2021). Reducing this uncertainty is critical because organic species

are predicted to become the dominant particle component as emissions of SO2 decrease, reducing

sulfate in atmospheric particles (Hodzic et al., 2016, 2020).

The Amazon Basin is considered a model location to study these interactions due to its unique com-

bination of strong biogenic emissions combined with urban pollutants. It is one of the few locations

remaining in the world where near-natural conditions can still be observed. Often referred to as

the "Green Ocean" because particle concentrations are similar to those measured over the ocean,

small changes in particle physico-chemical properties can have large impacts on cloud formation and

therefore climate, much like in the marine atmosphere (Andreae, 2004). Isoprene is the dominant

biogenic volatile organic compound (BVOC) (Andreae et al., 2018; Sarkar et al., 2020), although

both monoterpenes and sequiterpene emissions are likely sufficient to impact particle composition

(Alves et al., 2016; Jardine et al., 2015; Yáñez-Serrano et al., 2015; Yee et al., 2018). Measure-

ments of Aitken and accumulation mode particles found that organic material constituted about

81 % of particle composition (Whitehead et al., 2016). Additional measurements of submicron at-

mospheric particle composition in the Amazon Basin have also shown that organic material is the

main component in these particles, in large part from BVOC oxidation by OH and O3 (Sá et al.,

2017, 2018). Anthropogenic trace gases and oxidants, as well as biomass burning emissions, have

also been shown to significantly impact particle composition in this region (Sá et al., 2017, 2019;

Glicker et al., 2019; Martin et al., 2010; Zhao et al., 2021). Increased urbanization in the area is

hypothesized to exacerbate these trends (Martin et al., 2010).

Recent work to investigate the impacts of anthropogenic and biomass burning emissions on SOA

formation has found that these emissions can significantly influence this process. The studies dis-

cussed herein occurred during the GoAmazon2014/5 campaign, where observations were made 70

kilometers from Manaus, the largest city in the State of Amazonas, Brazil. In a combined modeling

and field measurement study, Shrivastava et al. (2019) found that biogenic SOA (BSOA) formation

was enhanced in air plumes that travelled over the city of Manaus. Additional measurements from

Sá et al. (2018) showed an increase in SOA during periods of influence from Manaus compared to

times when emissions from the rainforest dominated the measurement site. These observations are
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consistent with results from oxidation experiments of ambient air, which found that biogenic SOA

formation was enhanced by urban emissions (Palm et al., 2018). These findings, along with those

of Cirino et al. (2018), all suggest an anthropogenic enhancement of SOA formation during the dry

season.

Similar to the Arctic, aerosol properties in the Amazon Basin reflect a large seasonal variability in

regional emissions. Natural emissions dominate the region from December to May, the "wet sea-

son" in the region, during which time accumulation and coarse mode particles tend to have lower

concentrations due to wet deposition (Andreae, 2009). Recent work has shown that anthropogenic

pollutants can influence atmospheric particle composition during this time (Glicker et al., 2019).

Particle number concentrations frequently range from 300 - 600 molecules cm−3 during the wet sea-

son, representing pristine, near-natural conditions (Rizzo et al., 2018; Zhou et al., 2002). More recent

measurements of particle number-size distributions showed that particle concentrations peaked at

103 molecules cm−3 and were often much lower during periods with influence from the rainforest

(Glicker et al., 2019). The dry season (August - November) is characterized by higher particle num-

ber concentrations, due in part to the reduction in wet deposition of accumulation and coarse mode

particles (Andreae, 2004; Nobre et al., 2016). This lack of rainfall increases in-basin pollutant lev-

els, particularly in regions downwind from urban centers and villages (Martin et al., 2010). Despite

this, analysis of submicron particle chemical composition during the dry season found formation was

largely from BVOC oxidation, likely due to decreased wet deposition (Sá et al., 2019). Higher mix-

ing ratios of isoprene, monoterpenes, and sesquiterpenes have been measured during the dry season,

which has been attributed to plant biological cycles (Alves et al., 2016). The seasonal differences in

atmospheric conditions between the wet and dry seasons can impact cloud microphysics, radiative

effects, and the hydrological cycle of both the Amazon Basin and South America, thus impacting

climate (Andreae et al., 2002; Andreae, 2004; Artaxo et al., 2013; Pöschl et al., 2010; Rcia et al.,

2000).

Atmospheric ultrafine particles with diameters smaller than 30 nanometers have rarely been observed

in the Amazon Basin boundary layer, indicating that NPF events rarely occur near the ground

(Martin et al., 2010). Isoprene, the most dominant VOC in the Amazon, has been found to suppress
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Figure 1.4: Vertical profiles of particle concentration by size range (a), and particle for-
mation processes summarized from field and model observations (b) in the Amazon Basin,
reproduced from Franco et al. (2022).

particle formation (Kanawade et al., 2011; Liu et al., 2018) and has been suggested to contribute to

the lack of surface-level observations of NPF. Airborne measurements have suggested that upwelling

air masses bring reactive species to the upper troposphere, where particle formation and growth

begins, and downwelling air masses bring newly-formed particles and condensable gases to the

boundary layer, where particles can grow through condensation and coagulation. These processes

are shown in Figure 1.4 (Andreae et al., 2018; Fan et al., 2018; Wang et al., 2016). Above-canopy

measurements of particle size distributions collected over four years at a site located 60 kilometers

from Manaus found that regional NPF and growth events occurred on only 3 % of days observed

(Rizzo et al., 2018). Previous measurements in the Amazon Basin have reported concentrations

of SO2 that were over an order of magnitude smaller than those measured at remote sites in the

Northern Hemisphere, which has been hypothesized to contribute to the lack of NPF observed in this

location (Andreae and Andreae, 1988; Andreae et al., 1990; Martin et al., 2010). Model estimates

made using these SO2 measurements have also suggested that H2SO4 levels are too low to result in

particle formation at the ground level (Spracklen et al., 2006). A better understanding of H2SO4

concentrations in the Amazon Basin are necessary to better understand the processes leading to
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particle formation in this region. As land-use changes continue to accelerate, emissions (Nobre et al.,

2016) of anthropogenic traces gases including SO2 are expected to increase (Martin et al., 2010). To

improve modeling of both chemical processes and future climate scenarios in this sensitive region,

measurements of H2SO4 are needed to improve understanding of atmospheric particle formation

and growth processes.

In addition to the accelerated land-use changes observed in the Amazon Basin over recent years,

climate change is expected to result in drying this region (Boisier et al., 2015; Cox et al., 2000; Duffy

et al., 2015; Fu et al., 2013; Skea et al., 2022; Malhi et al., 2008; Phillips et al., 2009). Widespread and

intense droughts have been observed in the Amazon in 2005, 2010, and 2015-2016, all of which have

been associated with higher than normal sea surface temperatures (Erfanian et al., 2017; Jiménez-

Muñoz et al., 2016; Lewis et al., 2011; Marengo et al., 2008). As ocean temperatures increase

due to climate change, droughts like these are predicted to increase in frequency and intensity

throughout the Amazon Basin, lengthening dry season conditions (Boisier et al., 2015; Fu et al.,

2013). To predict the resulting changes to atmospheric emissions and chemical processes and to

improve modeling abilities of future climate scenarios, recent measurements of BVOC emissions have

been performed in the Tapajós National Forest (Sarkar et al., 2020). This is a drier tropical forest

in the eastern Amazon Basin, where current annual rainfall is between the 25th to 30th percentiles

of the wetter Amazon rainforest, and can be viewed as a model for the future, drier Amazon (Cox

et al., 2000). Little is known about the processes leading to particle formation and growth in this

drier region of the Amazon. Given the importance of atmospheric particle formation and growth

to climate, measurements of particle concentrations and analysis of the factors impacting their

formation and growth are necessary to better predict the impacts of climate change on Amazonian

particle properties.

1.2.5 Description of Field Measurements

Each chapter in this thesis presents measurements made of ultrafine particle number-size distribu-

tions and other species relevant to NPF during different field campaigns. The term "field campaign"
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refers to continuous, ambient measurements made in a specific location during a well-defined pe-

riod. In this section, the goals and measurements made during the field campaigns presented in this

thesis are described. A particular emphasis is placed on measurements that probe ultrafine particle

formation and growth processes.

Ocean-Atmosphere-Sea Ice-Snowpack (OASIS) Campaign

The goal of this campaign was to better understand the gaseous exchange processes between the

snow, sea ice, atmosphere, and ocean during the late-winter in the Arctic and how they impact the

oxidative capacity of the atmosphere in this region. Since the Arctic is experiencing climate change

at a rapid rate, the measurements made during this campaign intended to help provide a basis to

assess changes in these processes due to a warming climate. Measurements were made in Utqiagvik

(formerly Barrow), Alaska from 2 March - 20 April, 2009 by several research groups. Gas-phase

observations, including measurements of reactive radical species, atmospheric oxidants, and partic-

ulate sulfate precursors (H2SO4, MSA, and OH) were made in mobile labs located approximately

150 meters southeast of the Barrow Arctic Research Center.

While measurements of gaseous exchanges were the foci of the campaign, measurements of sub-

micron particle properties were also performed due to a lack of observations of particles in this

size range during the Arctic late-winter and early spring. Measurements of particle number-size

concentrations and physicochemical properties were made in a Quonset hut located ∼500 meters

west of the gas-phase measurement location. In addition to a scanning mobility particle sizer (SMPS)

to measure particle number-size distributions, a variety of particle physicochemical properties were

also measured. The hygroscopicity and volatility of size-selected ambient ultrafine particles were

measured using hygroscopicity and volatility tandem differential mobility analyzers (HTDMA and

VTDMA, respectively). In these techniques, particles are first neutralized, then size-selected based

on their electrical mobility using the first differential mobility analzyer (DMA). The size-selected

particles then pass through to a conditioning chamber, where they are exposed to either a controlled

relative humidity (HTDMA) or controlled temperature (VTDMA). The resulting size distribution
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is measured by the second DMA in tandem with a particle counter to assess the impact of the

conditioning on the size-selected particles. The change in mode particle diameter between the two

DMAs can be characterized for many compounds, and thus particle composition can be inferred

from these measurements. The HTDMA and VTDMA measurements accompanied by trace gas

measurements from the OASIS campaign are the first indirect measurements of ultrafine particle

composition made in the Alaskan Arctic during the late-winter, and are presented in Chapter 2 of

this thesis.

Observations and Modeling of the Green Ocean Amazon (GoAMAZON 2014/5)

Field Campaign

In the largest field campaign to study atmospheric composition and cloud processing in the Amazon,

measurements in GoAmazon2014/5 were made outside of Manaus, Brazil, a large city in the Amazon

Basin (Martin et al., 2016). A variety of ground-based and airborne measurements were made to

elucidate the connections between biogenic forest emissions, increasing anthropogenic emissions in

this region, and aerosol, cloud, and meteorological processes. The goal was to better understand

and quantify these effects during two intensive operation periods (IOPs), occurring during the 2014

wet and dry seasons.

Measurements of H2SO4 from both IOPs of the GoAmazon2014/5 presented in this thesis are the

first measurements of this trace gas reported from the Amazon Basin. These observations were

made at the T3 site, (3.2133◦S, 60.5987◦W), located 70 km west of Manaus, Brazil. A selected

ion chemical ionization mass spectrometer (SICIMS) was used to measure ambient concentrations

of H2SO4 and OH. OH is quickly reacted in the instrument inlet with isotopically labeled SO2 to

generate isotopically labeled H2SO4. Measurements of ambient H2SO4 can be made simultaneously

due to the isotopic labeling of the OH-derived H2SO4 inside the instrument (Mauldin et al., 1998;

Tanner et al., 1997), thus allowing the simultaneous measurement of H2SO4 and OH. Given the

importance of H2SO4 to NPF, as described in Section 1.2.2, and the lack of sub-30 nm particles

observed in the Amazon Basin as described in Section 1.2.4, these measurements of H2SO4 are
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necessary to better understand the processes contributing to ultrafine particle formation and growth

in the Amazon Basin.

Tapajós Upwind Forest Flux Study (TUFFS)

In between the two IOPs of the GoAmazon2014/5, measurements of particle number-size distri-

butions and several biogenic VOCs were made in the Tapajós National Forest, located ∼640 km

east of the T3 site. Moist tropical forests, like Tapajós, can be viewed as models of the future of

the Amazon, which is experiencing drying as a result of climate change. With one of the goals

of GoAmazon2014/5 being to better understand the processes leading to particle formation in the

Amazon Basin, the goal of TUFFS was to investigate the processes that contribute to ultrafine

particles in a drier tropical forest during the transition from the wet season to the dry season.

These measurements can therefore provide a basis for predictions of ultrafine particle formation and

growth mechanisms in the drier Amazon of the future. From 5 May - 9 July, 2014, measurements

of 5 - 110 nm particle number-size distributions were performed using a nano-SMPS, and fluxes

and concentrations of the biogenic VOCs isoprene and monoterpenes were measured using a proton

transfer reaction time-of-flight mass spectrometer (PTR-TOF-MS) at the Km67 site in the Tapa-

jós National Forest (2.857° S, 54.959° W). Measurements of particle number-size distributions are

presented in Chapter 4 of this thesis with accompanying meteorological data.

1.3 Dissertation Goals and Chapter Descriptions

This dissertation has several goals, all centered around better understanding of the processes that

contribute to ultrafine particle formation and growth in remote environments. The specific questions

addressed in this thesis, and the chapter that corresponds to these questions, are listed below.
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1.3.1 Goals
1. Are NPF and growth observed in the Arctic late winter with minimal pollution influence?

What chemical species and processes contribute to ultrafine particle appearance in this region?

What species contribute to particle growth under these conditions? [Chapter 2]

2. How do H2SO4 concentrations differ between the wet and dry seasons in the Amazon Basin?

What processes contribute to H2SO4 production and loss in the Amazon? Do any existing

parameterizations of H2SO4 effectively estimate these observations? [Chapter 3]

3. Does atmospheric particle formation take place near the surface in an eastern Amazonian

forest? What processes contribute to the sources of ultrafine particles in a moist tropical

forest? What changes in these sources are observed during the wet to dry seasonal transition?

[Chapter 4]

1.3.2 Chapter Descriptions

In Chapter 2 of this work, we analyzed particle number-size distributions collected during the

OASIS Campaign to determine two periods of interest: a five day background period in which no

NPF events occurred, and a three-day period during which two ultrafine particle growth events were

observed at the measurement site (Paper 1). Wind direction data indicated that neither period

was significantly influenced by local pollution. During the background period, particle hygroscopic

growth factors (HGFs) and volatility data from both TDMA instruments indicated that ultrafine

particle composition was largely comprised of oxidized organic species and ammoniated sulfates.

These estimates were made using the ZSR relationship, which states that the HGF of a mixed-

composition particle is a linear combination of the HGF of each pure component in the particle,

and assumes that the HGFs of each component are additive. In both particle growth events,

growing particles were highly hygroscopic and volatile, though HYSPLIT back trajectories indicated

differences in their sources. Event 1 was influenced by the upper marine boundary layer, while

Event 2 air masses were closer to the surface and passed over open leads in the Arctic Ocean. Both

events were characterized by particles comprised of highly-hygroscopic salts, with H2SO4 likely
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contributing to Event 1 and oxidized organics contributing to Event 2. Distinct differences in the

physico-chemical properties between the newly-formed and background ultrafine particles suggest

differences in formation and growth processes between the two populations.

Chapter 3 reported the first measurements of H2SO4 concentrations from the Amazon Basin mea-

sured during GoAmazon2014/5 (Paper 2). Higher levels of H2SO4 were measured during the wet

season to a small extent. Measured H2SO4 concentrations across both IOPs were consistent with

previous measurements from Hyytiälä, Finland, although unlike in the boreal forest, H2SO4 in the

Amazon did not correlate with global radiation, indicating that non-photochemical pathways are

significant contributors to its formation in this location. The efficacy of several existing H2SO4

proxies were tested using this data, none of which effectively estimate nighttime levels of H2SO4

in the Amazon Basin. Our results suggest that nighttime H2SO4 is due to both oxidation of SO2

by OH, which is not currently accounted for in any existing parameterizations, and through a sta-

bilized Criegee intermediate pathway. Several previously published parameterizations effectively

estimate daytime levels of H2SO4. These results indicate the need for measurements of H2SO4 pre-

cursors, particularly at night, for better nighttime estimates. We note that these estimates assume

that the only H2SO4 precursor gas is SO2, which qualifies these estimates because several other

sulfur-containing gases have been measured in the Amazon Basin.

Analysis of particle number-size distributions measured in the Tapajós National Forest during

TUFFS is reported in Chapter 4 to assess the factors leading to ultrafine particle formation in

this region of the Amazon (Paper 3). Unlike previous measurements of particle size distributions

made in the wetter Amazon forest, bursts of ultrafine particles were observed at this location on

86 % of the observation days. The concentration of sub-30 nm particles decreased significantly from

May through July, while condensation sink increased in this time, which is consistent with previ-

ous measurements from Central Amazonia. Boundary layer height and the number concentration

of particles 3 - 60 nm in diameter are tightly correlated in May, which decreases into June and

July, suggesting that vertical mixing brings newly-formed particles to the surface in May and atmo-

spheric dilution might conitrubte to surface-level nucleation, both of which diminish in frequency

throughout this transition. HYSPLIT back trajectories show that the majority of air masses in May
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originate from north/northeast, which shifts to east/southeast July, passing over some of the largest

cities in Brazil. This shift suggests that aged anthropogenic influence becomes more important in

Tapajós during the transition to the dry season, supporting the hypothesis that particle formation

processes differ during this transition as well.
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Chapter 2

Indirect Measurements of the

Composition of Ultrafine Particles in the

Arctic Late-Winter

2.1 Abstract

We present indirect measurements of size-resolved ultrafine particle composition conducted during

the Ocean–Atmosphere–Sea Ice–Snowpack (OASIS) Campaign in Utqiagvik, Alaska, during March

2009. This study focuses on measurements of size-resolved particle hygroscopicity and volatility

measured over two periods of the campaign. During a period that represents background conditions

in this location, particle hygroscopic growth factors (HGF ) at 90 % relative humidity ranged from

1.45-1.51, which combined with volatility measurements suggest a mixture of ∼30 % ammoniated

This is an Accepted Manuscript of an article published by John Wiley and Sons in the Journal of Geophys-
ical Research: Atmospheres on November 18, 2021, available online: https://doi.org/10.1029/2021JD035428.
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sulfates and ∼ 70 % oxidized organics. Two separate regional ultrafine particle growth events were

also observed during this campaign. Event 1 coincided with elevated levels of H2SO4 and solar

radiation. These particles were highly hygroscopic (HGF = 2.1 for 35 nm particles), but were

almost fully volatilized at 160 °C. The air masses associated with both events originated over the

Arctic Ocean. Event 1 was influenced by the upper marine boundary layer (200-350 m AGL),

while Event 2 spent more time closer to the surface (50 - 150 m AGL) and over open ocean leads,

suggesting marine influence in growth processes. Event 2 particles were slightly less hygroscopic

(HGF = 1.94 for 35nm and 1.67 for 15 nm particles), and similarly volatile. We hypothesize that

particles formed during both events contained 60 - 70 % hygroscopic salts by volume, with the

balance for Event 1 being sulfates and oxidized organics for Event 2. These observations suggest

that primary sea spray may be an important initiator of ultrafine particle formation events in the

Arctic late-winter, but a variety of processes may be responsible for condensational growth.

2.2 Introduction

Aerosol particles in the Arctic are known to exhibit seasonal variability in their chemical and physi-

cal properties. In many high-latitude regions, winter and early spring are dominated by Arctic Haze,

a phenomenon characterized by long-range transport of anthropogenic pollutants and resulting in

the highest mass concentrations of particulate matter (Barrie, 1986; Rahn, 1981; Tunved et al.,

2013). Accumulation mode particles dominate during this period, largely from transport of anthro-

pogenic pollution originating from Eurasia and North America (Barrie, 1986; Frossard et al., 2011;

Heintzenberg, 1982; Law and Stohl, 2007; Quinn et al., 2007; Rahn, 1981; Tunved et al., 2013). A

persistent boundary layer effectively traps pollution over the Arctic, coastal Eurasia, and much of

Canada until late spring, when it recedes to polar north (Barrie, 1986). Late spring and summer are

less anthropogenically influenced, and thus are characterized by lower particle mass concentrations

(Browse et al., 2012; Croft et al., 2016; Freud et al., 2017; Garrett et al., 2011; Ström et al., 2003;

Tunved et al., 2013). During that period, marine biogenic emissions and photochemistry are key

drivers of atmospheric chemistry (Dall’Osto et al., 2018b; Quinn et al., 2002; Tunved et al., 2013).
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The Arctic can be a cloud condensation nuclei (CCN)-limited region (Mauritsen et al., 2011). Prior

measurements of CCN concentrations have shown variation depending on the region of air mass

origin; generally higher concentrations of CCN are associated with air masses from mid-latitudes

(Hoppel et al., 1973; Jung et al., 2018; Moore et al., 2011; Shaw, 1986), which is common in Arctic

winter and spring. Lower CCN concentrations have been measured in summertime (Martin et al.,

2011), mainly from air masses originating over the Arctic Ocean (Leaitch et al., 2016; Zábori et al.,

2015). Increases in particle number concentrations, especially through particle formation (Abbatt

et al., 2019), can contribute significantly to CCN concentrations through condensational growth,

and thus impact radiative forcing (Allan et al., 2015; Kecorius et al., 2019; Leaitch et al., 2016;

Mauritsen et al., 2011).

Several recent studies have shown that the formation and growth of sub-100 nm diameter ultrafine

particles (UFP) occur readily in the Arctic atmosphere (Allan et al., 2015; Asmi et al., 2016; Bac-

carini et al., 2020; Chang et al., 2011; Collins et al., 2017; Dall’Osto et al., 2017, 2018a; Giamarelou

et al., 2016; Heintzenberg et al., 2015; Karl et al., 2012, 2013; Kecorius et al., 2019; Kolesar et al.,

2017; Kupiszewski et al., 2013; Nguyen et al., 2016; Tunved et al., 2013; Willis et al., 2016; Ziemba

et al., 2010). New particle formation has been shown to occur from anthropogenic emissions dur-

ing this time of year, such as those from oil fields (Creamean et al., 2018; Kolesar et al., 2017).

Creamean et al. (2018) used measurements of particle light scattering to identify refractory black

carbon, though neither work directly measured particle chemical composition. However, few studies

to date have focused on the composition of Arctic UFP and most observations have occurred during

summer. Prior spring and summer studies have attributed UFP formation events to photochemical

sulfuric acid (H2SO4) production (Covert and Heintzenberg, 1993), with sulfate considered an im-

portant particle component (Nyeki et al., 2005; Wiedensohler et al., 1996). These employed filters

and impactors for offline chemical analysis, biasing these results to larger particles that may not

represent the composition of UFPs. Size-resolved nanoparticle composition of Arctic UFPs has been

studied using mostly indirect measurements, with a focus on formation and growth events during

late spring and summer. In the Canadian Arctic, UFP formation was observed to occur freely in

the marine boundary layer, with complementary gas-phase measurements suggesting marine bio-
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genic sources of organic and sulfur-containing gas-phase precursors (Burkart et al., 2017). Several

observations of UFP formation and growth from other Arctic locations associated these phenomena

with oxidized products of dimethylsufide (DMS) like methanesulfonic acid (MSA) and H2SO4, sug-

gesting a marine biogenic influence (Abbatt et al., 2019; Chang et al., 2011; Dall’Osto et al., 2018b;

Ferek et al., 1995; Ghahremaninezhad et al., 2016; Leaitch et al., 2013; Quinn et al., 2002). Indirect

measurements of summertime particle composition in Ny-Alesund, Svalbard, indicated that organic

vapor condensation plays a large role in UFP formation Kecorius et al. (2019). Organic compounds

were found to contribute to the growth of newly formed UFPs in the Canadian Arctic, with a small

contribution from sulfur-containing compounds (Tremblay et al., 2019). Willis et al. (2016) showed

that growth of sub-20 nm particles to ∼ 50 nm coincided with the presence of organics, trimethy-

lamine, and MSA in particles 80 nm and larger, suggesting the particles grew by condensation of

MSA and other lower-volatility organic species. Model results from Canadian Arctic observations

using a paired chemical transport-microphysics model indicate that ternary nucleation from H2SO4,

ammonia (NH3), and water, followed by condensation from marine biogenic species and biogenically

derived sulfur compounds, accounts for more than 90 % of the simulated number concentration for

particles larger than 20 nm (Croft et al., 2019). Other measurements performed in late-summer

suggest that iodine (Allan et al., 2015; Baccarini et al., 2020) and marine nanogels are responsible

for some observed UFP formation events (Dall’Osto et al., 2017; Karl et al., 2013; Leck et al., 2013;

Leck and Bigg, 2010). Measurements made during 11 particle formation events aboard the Swedish

icebreaker Oden in August and September of 2018 found that these events coincided with elevated

levels of iodic acid (HIO3) and relatively low levels of H2SO4 (Baccarini et al., 2020). Fragmen-

tation of primary marine biological particles, where nano-granules are released from evaporation

of cloud/fog droplets while H2SO4 nucleates to form clusters, both grow through condensation of

low-volatility vapors, and then coagulate to form particles larger than 3 nm, has been proposed to

explain numerous UFP formation events observed in the high Arctic during late spring and summer

(Karl et al., 2013). Taken together, these results suggest gas-phase ammonia, amines, organics,

oxidized sulfur species, and fragmentation of primary marine particles contribute to the formation

and growth of UFPs in the late spring and early summer in this region.
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Winter and early spring measurements of UFP formation events and the composition of these

particles are largely missing. This is due in part to the dominant accumulation mode that biases

bulk and sub-micron measurements towards larger particles. Some insights into the mechanisms

of UFP formation can nonetheless be gained through such measurements. Analysis of sub-micron

aerosol particle composition during particle formation events in Tiksi, Siberia, made by aerosol mass

spectrometry (AMS) found that while summertime events were driven by oxidation of biogenic low-

volatility gases, early spring events are likely due to oxidation of anthropogenic precursors of Arctic

Haze (Asmi et al., 2016). Filter samples have shown submicron particles are largely composed of

sea salt, non-sea-salt sulfates (nss sulfate), and organic species (Kirpes et al., 2018, 2019; Patterson

et al., 1967; Quinn et al., 2002; Tomasi et al., 2012). Long-term measurements taken at Utqiagvik

(formerly Barrow), Alaska are consistent with other measurements indicating nss sulfate is a major

component of submicron wintertime aerosol, but the concentration decreased by 60 % between 1976

and 2008. Elemental analysis indicated that while source regions remained the same over this time

period, emissions decreased (Quinn et al., 2009). Soot particle AMS (SP-AMS) measurements made

in Greenland have linked UFP formation in February through May to MSA and molecular iodine,

suggesting contributions from both biotic and abiotic sources (Dall’Osto et al., 2018b). Since most

winter-time measurements to date have been performed on bulk aerosol, Arctic UFP composition

is still not understood in the winter and early spring. More measurements are needed in order to

understand the mechanisms by which new particles form in this important region.

We seek to address this measurement gap by reporting indirect measurements of UFP composition

made during the Ocean – Atmosphere – Sea Ice – Snowpack (OASIS) Campaign in Utqiagvik, Alaska

during March 2009. A period from 27 – 31 March was determined to have winds from the Arctic

Ocean, with particle properties measured during this time representing background conditions.

Two separate nanoparticle growth events (12 – 14 March) were observed during the campaign,

where particles grew from 5 nm to ∼20 nm in diameter. Because particle formation is one of the

primary contributors to CCN budgets in this sensitive region (Abbatt et al., 2019; Croft et al.,

2016; Kecorius et al., 2019), we focus on the growth events to investigate the species involved in

new particle formation and condensational growth. The background period is included in this work
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to assess the differences in properties between the two populations. Size-resolved hygroscopicity

and volatility measured during these events were analyzed to hypothesize the species involved the

growth of these newly formed particles.

2.3 Methods

Measurements were made during the National Science Foundation (NSF) OASIS field campaign in

Utqiagvik, Alaska from 5 March through 15 April 2009 by several research groups (NCAR, 2012).

Complementary measurements from National Oceanic and Atmospheric Administration (NOAA),

including the solar radiation measurements and calculations of air mass backward trajectories, the

National Snow and Ice Data Center (NSIDC), University of Wisconsin Space and Science Engi-

neering Center, and National Aeronautics and Space Administration (NASA) Global Modeling and

Assimilation Office were also used. All times are reported in Alaska Daylight Time (AKDT; UTC – 8

hours) and are referred to as “local time” in this work.

2.3.1 Site Description

Particle measurements were collected in a Quonset hut at the U.S. Navel Arctic Research Laboratory

(NARL) and trace gas and surface meteorology measurements were performed approx. 1 km away

in buildings located near the Barrow Arctic Research Center (BARC). Numerous measurements of

key trace gases and particle properties, as well as of meteorology, were made over the course of the

campaign; those pertinent during the time periods of interest are outlined below.

2.3.2 Air Mass Origin and Meteorology

Air mass backward trajectories were calculated to determine source influences for each of the ul-

trafine particle events observed using the NOAA Hybrid Single-Particle Lagrangian Integrated Tra-
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jectory (HYSPLIT) transport model (Rolph et al., 2017; Stein et al., 2015). Backward trajec-

tories of 72-hour duration were determined for air masses arriving 50 meters above ground level

(AGL) at the measurement site at the beginning and halfway through the UFP events (Event

1: 3/12/09 04:07 –19:02 ADT; Event 2: 3/13/09 20:37 – 3/14/09 3:47 ADT) using the Global

Data Assimilation System (GDAS) 1◦ meteorology. Satellite images from NASA Moderate Resolu-

tion Imaging Spectroradiometer (MODIS)/Aqua Sea Ice Extent from the NSIDC (MYD29 Ver-

sion 6, https://nsidc.org/data/MYD29/versions/6) and Aqua corrected reflectance (true color)

(MYD02QKM Version 6, https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MYD02QKM/)

with temporal resolution of 5 minutes and spatial resolution of 1 kilometer were provided by the

Earth Observation System Data Gateway and used to visually identify leads and areas of open water

in the sea ice (Hall and Riggs, 2015). Images were analyzed for 9 – 14 March, corresponding to the

timespan of the HYSPLIT back trajectories calculated for each UFP growth event observed. Visu-

ally identified leads were confirmed using the algorithm developed by Hoffman et al. (2019), in which

Aqua (DOI: 10.5067/MODIS/MYD021KM.061) and Terra (DOI: 10.5067/MODIS/MOD021KM.061)

satellite MODIS data of brightness temperature are analyzed for cloud masks to identify lead pixels,

which are then confirmed using image processing to analyze shape characteristics. Daily Arctic Sea

ice leads identified through this algorithm are publicly available from University of Wisconsin Space

and Science Engineering Center (https://www.ssec.wisc.edu/leads/).

Sonic anemometers (Applied Technologies, Sonic Anemometer/Thermometer model SATI/3K) were

used to measure three-dimensional wind velocities at 10 Hz. Wind speed and direction were obtained

from vector-averaging the horizontal wind velocities over 1-minute intervals and are accurate to

± 0.03 m s−1 and ± 0.1 ◦, respectively. Wind direction data are color-coded based on area of origin

relative to the measurement sites to identify periods with likely local influences at the sites (labelled

“Utqiagvik”, 110 - 180◦; “local building”, 180 – 300◦; and “local NNW”, 300 – 10◦) and periods with

minimal local influence (labelled “clean”, 10 – 110◦). Time periods with “calm” winds were those

with minimal wind (wind speed < 1 m s−1).

Measurement of solar radiation was conducted at the NOAA Earth System Research Laboratory

(ESRL) Global Monitoring Division (GMD) Barrow Atmospheric Baseline Observatory (BRW), lo-

28



cated approximately 3.5 km northeast of NARL. We report 1-minute measurements of downwelling

global solar radiation (W m−2), performed with an unshaded Precision Spectral Pyranometer (Epp-

ley). Data are publicly available through the NOAA/GMD database (https://gml.noaa.gov/dv/data/).

Wind speeds over the open sea ice leads were estimated using reanalysis data obtained from NASA’s

Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) Global

Modeling and Assimilation Office (GMAO, 2015) for the time period 10 –12 March. These data

have temporal resolution of 3 hours and spatial resolution of 0.5 ◦ x 0.625 ◦.

2.3.3 Particle Physical, Chemical, and Radiative Properties

Particle Number Size Distributions

We note that ambient atmospheric temperatures during the measurement periods generally ranged

from -20 to -30 ◦C while the instruments described here maintained a temperature within the

Quonset hut of 14 ◦C, likely leading to evaporation of some volatile particulate compounds. Particle

number size distributions for particles with electrical mobility diameter of 4 nm to 1 µm were

collected using a particle size distribution system consisting of 3 instruments that measure with a

5-minute time resolution. A nanometer scanning mobility particle sizer (nano-SMPS) comprised

of a home-built unipolar neutralizer, a TSI model 3085 Differential Mobility Analyzer (DMA), a

home-built high voltage and flow control system, and an Ultrafine Condensation Particle Counter

(UCPC, TSI model 3025a), covered the particle mobility range of 4 to 30 nm. A scanning mobility

particle sizer (SMPS), identical to the nano-SMPS except for the use of a TSI model 3081 DMA and

a standard condensation particle counter (CPC, TSI model 7620, modified to run at 1.2 lpm aerosol

flow rate), measured particles of diameter ∼22 to ∼225 nm. An optical particle counter (OPC,

Lasair model 1003 PMS, Inc.) measured particle number-size distributions over the diameter range

of 0.1 to 1 µm. Measured distributions were combined to create a continuous size distribution. In

most of the cases, we find good agreement (< 10 % difference) between the nano-SMPS and SMPS

in the overlapping diameters when the ambient size distribution was stable. During less stable
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conditions, we observed larger differences in the overlap region that we attribute to the 2.5 min

that separated the detection of the largest diameters of the nano-SMPS and the smallest diameters

of the SMPS. For this reason, we averaged the measured dN/dlogDp in this overlap region. The

OPC measures optical diameter, which can vary significantly from the SMPS-measured mobility

diameter due to uncertainties in the refractive index. As discussed in Hand and Kreidenweis (2002),

the optical diameter for an OPC that is calibrated using polystyrene latex beads (refractive index

of 1.59) is ∼30 % lower than the physical diameter for 0.1 µm ammonium sulfate particles and

decreases to 5 %a t 1 µm. After confirming that our OPC performed similarly to that used in

the Hand and Kreidenweis (2002) study, we applied the corrections they recommend to the optical

diameter assuming that particles in this size range were primarily ammonium sulfate, which has

a refractive index (1.53) similar to that of NaCl (1.55). In most cases this significantly improved

overlap in this size range and resulted in reasonable agreement (< 25 %) during periods when the

ambient size distribution was stable. After this correction, we averaged the measured dN/dlogDp

in the overlap region of the SMPS and OPC.

The average particle growth rate was calculated using these data following the method outlined in

Dal Maso et al. (2005), in which a linear regression was fitted to the log-normal number-weighted

mode particle diameter of the growth event versus time during the growth period. Gamma (Γ;

Section 3.3) was calculated using this growth rate (Kuang et al., 2010). The particle size distribution

data was also used to estimate the condensation sink (CS) during particle growth events, using the

method detailed in Kulmala et al. (2001). Size distributions were corrected for the transmission

efficiency of the inlet tubing using a model predictions that assume laminar flow, the latter of which

was confirmed by our inlet flow rate measurements (Hinds, 1999).

Particle Optical Properties

Sub-2 µm ambient particle absorption and scattering coefficients were measured simultaneously at

781 nm using a photoacoustic soot spectrometer (PASS-1, Droplet Measurement Technologies using

the operational protocol described in Flowers et al. (2010). The PASS-1 measured aerosol particle
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absorption coefficients (βabs) at 781 nm directly using the photoacoustic technique and scattering

coefficients (βsca) with an integrating nephelometer. Noise was removed from collected data using a

bandpass filter, with a band set between 0 and 12 Mm−1 for scattering data, and 0 and 30 Mm−1 for

the absorption data. The instrument was zeroed every 40 minutes to eliminate systematic drifts and

the reported measurements were averaged in 150 second bins to enhance signal to noise. Particle

single scattering albedo (SSA) was calculated as follows:

(2.1)

Calculated values of SSA were used to determine the relative absorbing versus scattering properties

of larger aerosol particles (Dp > 110 nm) during periods of interest, and to identify periods of local

pollution such as that provided by snow removal equipment that have low SSA due to absorbing

soot emissions, which would not have been identified from wind direction measurements.

Indirect Measurements of Particle Chemical Properties

A hygroscopicity tandem differential mobility analyzer (HTDMA) measured the hygroscopic growth

factor of size-selected particles at 90 % relative humidity (RH). In this home-built instrument, which

is also described in detail elsewhere (Lance et al., 2013), particles were neutralized with a bipolar

neutralizer, dried to ∼ 2 % RH, and then size-selected by the first DMA (home-built, but identical in

design to TSI model 3081). Dry particle sizes studied had electrical mobility diameters (Dp(RHdry))

of 15, 35, 50, 75, and 110 nm. Size-selected particles then passed to the conditioning chamber, where

they were exposed to a controlled 90 % RH generated by mixing humidified and dried air into the

shell of multitube Permapure Nafion humidifiers. The resulting size distribution was measured by a

second, identical DMA operated in stepping mode and a CPC (TSI model 3010). Sheath and excess

flows in the DMAs were 5 lpm with an aerosol flow of 0.6 lpm. The instrument was maintained

at a controlled temperature of 15 ± 2 ◦C using a recirculating air bath, and RH was monitored

throughout the instrument with humidity sensors, which are accurate to ± 3 % in the ranges used in
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this work. The RH in the second DMA during the periods of interest was relatively stable, averaging

89.7 ± 0.9 % during the particle growth events and 93.6 ± 2.1 % during the background period.

Data was inverted using the TDMAinv algorithm developed by Gysel et al. (2009), and corrected

for variations in relative humidity in the second DMA using methods outlined in Gysel et al. (2009)

and Keith and Arons (1954). All corrected size distributions during the periods discussed below

consisted of a single mode, suggesting internally mixed aerosol (Weingartner et al., 2001). These

size distributions were fitted with a Gaussian curve and the peak of the curve was used to represent

the peak diameter of the humidified mode (Dp(RHhumid)). Hygroscopic growth factor (HGF ) was

calculated using:

(2.2)

From measurements of HGF¸ we then estimate the volume fraction of representative particulate

compounds using the Zdanovskii-Stokes-Robinson (ZSR) relation:

(2.3)

where ϵk is the volume fraction of pure component k in the particle and HGFk is the growth

factor of pure component k (Malm and Kreidenweis, 1997; Stokes and Robinson, 1966). Volume

fractions were constrained by the composition inferred from the volatility measurements, similarly

to Cravigan et al. (2020) and Modini et al. (2010), during both the background period and particle

growth events, as well as measurements of H2SO4 and resulting Γ calculations during both growth

events, similar to the method used by Giamarelou et al. (2016).

A volatility TDMA (VTDMA) measured the volatility of size-selected particles at different temper-

atures. Ambient particles were neutralized and size-selected by the first DMA (TSI model 3081) at

mobility diameters of 15, 35, 75, and 110 nm. Particles then passed through a fast stepping/scanning

thermodenuder built by Aerodyne Research, Inc., and modeled after the system described by Huff-

man et al. (2008). The thermodenuder was stepped at temperatures of TD = 30, 40, 80, and
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160 ◦C, and time was allowed during each step for the temperature to stabilize before measurement.

The sample flow downstream of the thermodenuder was rapidly returned to room temperature us-

ing copper tubing and a fan-based heat exchanger. Our choice of a heat exchanger in place of an

activated carbon (AC) denuder is based on prior studies that have shown that AC denuders are

unnecessary for ambient conditions and may in fact cause some particles to continue to evaporate

(Park et al., 2013; Saleh et al., 2011). The final particle number-size distribution was measured

with the second DMA (TSI model 3081) and CPC (TSI model 3010). Since particles were not

re-neutralized before the second DMA, it’s possible that larger particles with two or more charges

could bias the results of the volatility distributions presented here (Oxford et al., 2020). This ef-

fect is insignificant for 15 and 35 nm mobility-selected particles, since the concentration of doubly

charged particles is ∼ 0 % and < 1 % that of singly charged positive particles (Wiedensohler, 1988).

For 75 and 110 nm mobility-selected particles, this ratio is 9 % and 17 %, respectively. Thus this

effect, if it were to bias the data, may potentially apply to these samples at levels that are suggested

by the estimated charge fractions. The sample flow rate through the denuder was set to 0.6 lPM,

which was determined to be optimal for this design by Wehner et al. (2002). Like the HTDMA,

sheath flows in the DMAs were 5 lpm with a particle flow of 0.6 lpm. Number-size distribution

data was inverted using the TDMAinv algorithm (Gysel et al., 2009). Data are reported at each

temperature as the volume fraction remaining, VFR, which is defined as:

(2.4)

where VT is the integrated total particulate volume (assuming spherical particles) at temperature,

T. Since, as mentioned previously, the temperature inside the Quonset hut was significantly lower

than ambient air, and because the Quonset hut temperature was poorly controlled, we chose to

divide VT by the integrated volume of particles exposed to our lowest controlled temperature,

30 ◦C (V30◦C), in our calculations of VFR. Estimations of particle volume fraction made using the
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ZSR relation were constrained by VFR calculations. Prior to analysis, some instrument noise was

easily identified in data as repetitive modes present throughout the sampling and calibration periods

and was consequently removed.

Both the HTDMA and VTDMA were calibrated at the site, before and after the observation period,

using known particle standard aerosol that was aerosolized using a commercial aerosol generator

(TSI model 3076). The HTDMA system was calibrated with ammonium sulfate, where measured

HGF was found to be in good agreement with literature values (Biskos et al., 2006; Hämeri et al.,

2000; Sakurai et al., 2005). Temperature in the thermodenuder was stable at each setpoint; all

measurements reported were collected at temperatures within 2.5 % of the setpoint temperature.

The VTDMA performance was assessed with sodium chloride and ammonium sulfate, and the data

was consistent with prior volatility studies (Burtscher et al., 2001; Jennings and O’Dowd, 1990).

These experiments confirmed that both instruments were operating properly and that no further

adjustments to the data, other than those described above, were needed.

Trace Gas Analysis

Gas-phase concentration measurements of H2SO4, OH, and MSA were obtained using a selected ion

chemical ionization mass spectrometer (SICIMS). Measurements were made using an inlet ∼1.5 m

above the snow surface in a building located ∼500 m east of the particle measurement location.

Details of this instrument have been previously reported in Tanner et al. (1997) and Mauldin et al.

(1998). Data were calibrated following procedures outlined in Eisele and Tanner (1991) and Eisele

and Tanner (1993). Briefly, OH is generated from photolysis of a known amount of ozone using a

well-characterized laser in a known mixture of water and nitrogen, and then titrated with a known

concentration of sulfur dioxide to generate H2SO4; the ratio of bisulfate to nitrate ions is measured

to calibrate the instrument signal. Data are presented as 30-second averages.
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2.4 Results & Discussion

2.4.1 Campaign Overview

The foci of the OASIS campaign were on gas-phase exchanges between the ocean, atmosphere,

sea ice, and snowpack, the impact of these processes on oxidation capacity in the remote Arctic

atmosphere, and how they may change with a changing climate (NCAR, 2012). The measurement

period during late winter and early spring is chemically interesting because of the appearance of

light at the end of polar winter (Barrie, 1986). With increasing solar radiation during the course of

this campaign, photochemistry became progressively more important during the observation period

(Fig. 2.1). Several major findings from OASIS have thus far related to gas-phase photochemical

halogen chemistry, with a particular focus on bromine, including its efficacy in ozone (O3) depletion

compared to chlorine (Thompson et al., 2015) and its recycling process (Frieß et al., 2011; Liao et al.,

2012). This work presents the first analysis of the complementary particle-phase measurements made

during this period.

Throughout the course of the campaign, there are two prominent features in the particle size dis-

tribution measurements: sub-20 nm particles appear at the site at an initial diameter of 5 nm in

bursts, with no in situ nucleation observed at the site as evidenced by the lack of sub-5 nm diam-

eter particles (campaign average with 95 % confidence interval 1.4 ± 0.2 cm−3 in this size range);

and a continuous mode centered at 200 nm (Fig. 2.1). Average particle number concentrations,

reported with a 95 % confidence interval, were generally lower when the wind direction was “clean”

(1040 ± 90 cm−3) compared to “local building” (2270 ± 360 cm−3), “local NNW” (2900 ± 830 cm−3),

“Utqiagvik” (2700 ± 358 cm−3), and “calm” (2950 ± 600 cm−3). Large variability in these average

concentrations was observed between all wind directions. Note that the campaign-averaged value

of SSA for all wind directions is ∼ 0.8, with decreases to values of ∼ 0.5 during periods with “local

building” and “local NNW” influence (Fig. 2.1). Shantz et al. (2014) reported values from 0.88 – 0.97

for SSA at 700 nm during flights made in April 2008 above Fairbanks and Utqiagvik, Alaska using

a similar instrument and particle size range, which is consistent with prior Arctic measurements
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Figure 2.1: Meteorological data and bulk particle properties during the entire OASIS obser-
vation period. Plotted above are wind direction (color-coded to show relative direction of
origin) and downwelling solar radiation. The lower plot is the particle number size distribu-
tion (diameters 4 to 1000 nm) and single scattering albedo measured at 781 nm (light blue).
The focus of this work is a background period (27 – 31 March) and two distinct ultrafine
particle growth events (12 – 14 March), which are boxed in blue.

of SSA (Clarke et al., 1984; Delene and Ogren, 2002). This indicates that local particle emissions

are more highly absorbing than ambient Arctic particles in this region, which has been observed in

numerous Arctic sites during this time of year (Bodhaine et al., 1981; Clarke et al., 1984; Patterson

et al., 1967; Polissar et al., 2001; Tomasi et al., 2012).

2.4.2 Background Period

We begin by reporting measurements made during a period (27 – 31 March) that we identified as

“clean”, based on wind direction, in order to explore regional Arctic UFP physico-chemical properties

and address the lack of winter and spring observations. Figure 2.2 shows a summary of the data

that include, to the best of our knowledge, the first indirect chemical composition measurements

of size-selected, sub-500 nm atmospheric particles in the Utqiagvik area. While prior studies in

this location have used light extinction to draw conclusions about aerosol sources (Quinn et al.,
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Figure 2.2: Particle properties measured during the background period, showing (a) H2SO4
concentration (red), downwelling solar radiation (black); (b) particle size distribution for
particle sizes between 4 and 1000 nm in diameter, and single scattering albedo (light blue);
and (c) measured particle growth factors for 35 nm (black, dashed), 75 nm (gold), and
110 nm (green, dashed) particles. Also plotted are reference growth factors for sea salt (light
blue; Zieger et al. (2017)), seawater proxy with organic material (gray hashed; Fuentes et al.
(2011)), ammonium sulfate (red, 35 – 110 nm size selected; Hämeri et al. (2000)), and black
carbon (black, Weingartner et al. (1995)).

2002; Shaw et al., 2010), the measurements we present here provide a more detailed estimate of the

fractional contribution of all particle constituents. Bulk particle SSA was, on average, 0.861 ± 0.055,

indicating substantially more light scattering than absorbing and thus internally mixed black carbon

(BC) in this region (Chen et al., 2014; Flowers et al., 2010; Liu et al., 2015), and showed relatively low

variability, suggesting that local emissions did not substantially bias our measurements during this

period. Like the rest of the campaign, sub-20 nm particle concentrations were very low, averaging

60 cm−3, while the total number concentration during the period averaged 380 cm−3. In comparison

to other Arctic measurements made in March, this is lower than the concentration measured in

Siberia (Asmi et al., 2016), but about twice as high as that observed in Svalbard (Tunved et al.,
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2013) and Greenland (Nguyen et al., 2016). These differences in particle concentration exemplify

the variability in particle properties throughout different Arctic locations.

Figure 2.2c shows HGF measured at 90 % RH for 35, 75, and 110 nm size-selected ambient parti-

cles. Data for 15 nm particles are missing for both HTDMA and VTDMA instruments due to the

extremely low concentrations of these particles. The figure also includes published HGF data for

laboratory-generated sea salt particles (Dp = 50 nm) (Zieger et al., 2017), ammonium sulfate (Asmi

et al., 2010; Hämeri et al., 2000; Sjogren et al., 2007), black carbon (Weingartner et al., 1995), and

a seawater proxy containing varying amounts of organic material on the order of those measured

in surface waters in the Atlantic and Pacific Oceans during algal blooms (Dp = 40 nm) (Fuentes

et al., 2011), the latter a phenomenon recently observed during Arctic winter and spring (Assmy

et al., 2017; Hancke et al., 2018; Randelhoff et al., 2020). For the duration of the background period,

ambient particles were less hygroscopic than sea salt and seawater proxy references, with average

HGF s of 1.42 ± 0.13 (Dp = 35 nm), 1.52 ± 0.11 (Dp = 75 nm), and 1.49 ± 0.12 (Dp = 110 nm)

measured. There is no evidence of size-dependence on HGF during this period since the values and

their respective standard deviations all lie within the same range.

Figure 2.3: Average volume fraction remaining at 40, 80, and 160 ◦C for 35, 75 and 110 nm
size-selected particles during the background period (27 – 31 March) with sigmoidal fits to
data. The error bars represent standard deviation and the number of measurements at each
size is shown in the legend. Initial volume (VFR = 1) is assumed to be the volume at 30 ◦C.
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Figure 2.3 shows the VFR for ambient 35, 75 and 110 nm size-selected particles. Negligible particle

volume is lost at all sizes upon heating to 40 ◦C (3.52 ± 0.011 %, 3.53 ± 0.20 % and 2.54 ± 0.78 %,

respectively), which corresponds to the loss of higher-volatility compounds such as semivolatile

organics (Burtscher et al., 2001; Häkkinen et al., 2012; Kreidenweis et al., 1998). Volume loss at

80 ◦C, indicative of evaporation of lower-volatility organic species (Burtscher et al., 2001; Häkkinen

et al., 2012; Kreidenweis et al., 1998) and certain higher volatility inorganic salts (Bergin et al.,

1997), accounts for 80.8 ± 0.2 % of the volume for sampled 35 nm particles, 84.3 ± 0.2 % of the

volume for sampled 75 nm particles and 65.7 ± 0.9 %of the volume for 110 nm sampled particles.

Nearly all particle volume was lost upon heating to 160 ◦C; at this temperature, 3.0 ± 0.1 % of the

total volume of 35 nm size-selected particles, 2.9 ± 0.2 % of the total volume of 75 nm size-selected

particles and 4.7 ± 2.3 % of the total volume of 110 nm size-selected particles remained. This likely

is BC and may explain the average SSA values measured during this time period, which indicate

that BC is internally mixed in bulk aerosol.

Combining the results of the HGF and VFR analyses provides insights into the composition of

background UFPs. The high volume loss of particles at 80 ◦C makes it unlikely that a significant

fraction of UFP volume consists of low-volatility inorganic salts. This is supported by the HGF

analysis that shows significantly lower hygroscopicity compared to sea salt and seawater proxy

reference particles (Fig. 2.2c). The observed evaporation behavior is consistent with sulfate that

is partially or fully neutralized by a base such as ammonia, which is expected to fully evaporate

at temperatures below 160 ◦C as confirmed by our calibrations as well as those performed by

Huffman et al. (2008) using a similar instrument. The measured HGF is slightly below than that

of ammonium sulfate (Fig. 2.2c) with the exception of a period of elevated gas phase H2SO4

on 29 March during which HGF increased slightly, supporting a contribution of sulfate to UFP

composition with the addition of a less hygroscopic material. This leads us to hypothesize that

UFPs also contain some fraction of lower hygroscopicity organics. Organic compounds are routinely

detected in marine aerosol (Cochran et al., 2017; O’Dowd et al., 2004; Prather et al., 2013). A

mixture of organics and sulfate is also consistent with the measured VFR data, as loss of particulate

volume over the size range of 40 – 160 ◦C is consistent not only with ammonium sulfate but with
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oxidized organics (Huffman et al., 2009). Our measurements suggest that, while it may be possible

that primary organics contribute to background UFP composition, the observation that VFR is

nearly zero at 160 ◦C suggests minimal contribution from low-volatility primary marine organic

species (Frossard et al., 2014), and a small contribution from black carbon (Jennings et al., 1994).

The measured HGF s may be consistent with that measured for marine nanogels (Hawkins and

Russell, 2010; Ovadnevaite et al., 2011), the latter of which ranged from 1.2 to 1.3 at 90 % RH. The

behavior of aerosolized marine nanogels has not been well-characterized, though several prior studies

have suggested that volume changes may occur in the temperature ranges studied here (Verdugo,

2012; Verdugo and Santschi, 2010).

An estimate of the volume fractions of sulfate salt and organic species, using the HGF s of ammonium

sulfate (1.7) (Hämeri et al., 2000) and atmospheric organic matter (1.2) (Gysel et al., 2004), was

performed using the average ambient HGF measured for each particle size reported above. Using the

ZSR method with these assumptions, we estimate that, on average, volume fractions of ammonium

sulfate (ϵAS) and organic species (ϵORG) were 0.48 and 0.52 for 35 nm particles, 0.44 and 0.56 for

75 nm particles, and 0.50 and 0.50 for 110 nm particles, respectively. Estimations of volume fraction

using H2SO4 as a third component (HGF = 1.9, ϵSA) were more consistent with the VFR measured

for the larger particle sizes; for 35 nm, ϵAS = 0.10, ϵSA = 0.20, ϵORG = 0.70; for 75 nm, ϵAS = 0.10,

ϵSA = 0.23, ϵORG = 0.67; and for 110 nm, ϵAS = 0.10, ϵSA = 0.27, ϵORG = 0.63. These estimates

support the hypothesis that partially neutralized sulfate and organic species contribute mainly to

the observed UFP volume under background conditions.

2.4.3 Ultrafine Particle Growth Events

In mid-March there were two distinct UFP growth events observed at the site occurring on con-

secutive days (Fig. 2.4). Both occurred during a “clean” period and there was no evidence in

SSA data (Event 1: 0.85 ± 0.08; Event 2: 0.86 ± 0.03) to suggest any site-specific pollution im-

pacting the particle properties measured. Bulk particle SSA measured during both periods were

very similar to both each other and the background period average. Event 1 was first observed at
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Figure 2.4: Photochemical and particle size distribution properties during ultrafine particle
growth (a) Event 1 and (b) Event 2. Plotted are the gas-phase concentrations of H2SO4 (red,
molecules cm−3) and downwelling solar radiation (black dashes, W m−2). Particle number
size distributions for each growth event are shown with the mode diameter during the growth
period and its linear regression fit to determine growth rates are shown in black.

the site at just after 4:00 local time on 12 March, with particles appearing at a modal diameter

of 11 nm. The modal diameter increased linearly over a 12-hour period to 21 nm, corresponding

to a growth rate 0.9 ± 0.1 nm h−1. The CS for particles larger than those in the growing mode

(Dp > 30 nm) increased from 4.8 x 10−3 s−1 to 5.6 x 10−3 s−1 over the duration of the growth,

with an average of 5.1 x 10−3 s−1. This event coincided with solar radiation at the site and an

average measured H2SO4 concentration of 3.7 x 106 molecules cm−3. Event 2 was first observed
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at the site on 13 March at 20:40, with a measured modal diameter of 7 nm. Growth lasted for

∼4 hours and ended at 15 nm, with a measured modal growth rate of 2.1 ± 0.1 nm h−1. This

mode persisted after midnight, but no longer displayed growth (growth rate reached zero), though

a separate, larger growing mode appeared. Growth was determined to end when the mode diameter

remained constant for 1 hour, though we note that the bursts of particles in both events persist for

longer than the growth period. The CS during the growth period for particles larger than 25 nm in

diameter increased from 3.9 x 10−3 s−1 to 7.5 x 10−3, with an average 6.5 x 10−3 s−1. The event

occurred at nighttime, thus solar radiation was minimal and the average concentration of H2SO4

was 3.0 x 105 molecules cm−3, which is close to the SICIMS lower limit of detection. CS measured

during Event 1 is consistent with previous measurements made just before particle growth events

observed in March in Utqiagvik (Kolesar et al., 2017), while that for Event 2 is consistent with

the larger values of CS measured during the summer in Ny-Alesund, Svalbard (Giamarelou et al.,

2016). We hypothesize that the observed growth in both events ended because of the increases in

CS for larger particles, meaning there was less condensable vapors to contribute to the growth of

these new particles (Kulmala et al., 2001), as well as likely air mass changes, as indicated by the

changes in wind direction corresponding to the end of the burst of particles (Fig. 2.1) (Kivekäs

et al., 2016). During both growth events, the average ultrafine particle number concentrations were

much larger (Event 1: 1200 cm−3; Event 2: 2600 cm−3) than those measured during the other

“clean” periods in the campaign (250 cm−3), suggesting that these growing particles are significant

contributors to the ultrafine particle population during “clean” periods, which accounted for 35 % of

the measurement period. A prior analysis of ultrafine particle growth rates observed at the NOAA

Research Station at Utqiagvik characterized these two growth events as “marine influenced” along

with possible influence from Prudhoe Bay (Kolesar et al., 2017). To provide additional insights into

the origins of these air masses, 72-hour HYSPLIT back trajectories were calculated for the period

of each event before their arrival at the measurement site and are overlaid over MODIS satellite

images of the region in Figure 2.5. There were no significant changes in the sea ice in this region

over the time periods of the back trajectories, so the satellite image shown, while from 11 March,

is representative of the entire modeling period (9 – 14 March). Two traces are shown for each

event, with the starting point of the back trajectory corresponding to the beginning and halfway
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time points of the events. The black boxes on Figure 2.5 indicate areas of direct ocean-atmosphere

interfaces in the sea ice, both in the form of open leads, which are small regions of water between

ice sheets that serve as direct interfaces between the ocean and atmosphere, and open ocean. Sea

ice leads have been shown to contribute to sea spray and seawater-like particles in the atmosphere

(May et al., 2016; Nilsson et al., 2001). The back trajectories for the air masses associated with

both events originate in the same region of the Arctic Ocean, however there are differences in their

geographic paths and altitudes. The air masses associated with Event 1 did not pass over the leads

offshore of Prince Patrick Island (Northwest Territories, Canada) and spent more time aloft, at 350

m above ground level (AGL) which near the top of the estimated boundary layer during this time

(Boylan et al., 2014), reaching surface level 24 hours before the start of the observed event. The air

masses impacting Event 2 passed over open leads off Prince Patrick Island and are much closer to

the surface (not exceeding 150 m AGL over the 72 hours), opening up the possibility that the source

of the species responsible for nucleation and/or growth came from these leads. Given the chemical

complexity of the marine upper boundary layer compared to near the surface (Zheng et al., 2021),

the species involved in particle growth are likely to be different for these two events. A prior study

in the remote marine atmosphere observed higher sulfuric acid in the free troposphere compared

to the boundary layer (Clarke et al., 1998). That study attributed higher sulfuric acid aloft to

cloud-pumping of precursor compounds, lower scavenging aloft due to low particle concentrations,

and cloud-induced enhancements of actinic flux and associated OH production.

Reanalysis data was used to estimate wind speeds at the open leads to assess the potential role

of primary sea spray in forming the initial seeds for condensational growth Global Modeling and

Assimilation Office (GMAO, 2015). When wind speeds exceed 4 m s−1 over open water, breaking

waves tend to produce sea spray aerosol (May et al., 2016; Nilsson et al., 2001). This phenomenon

has been previously observed at Utqiagvik in the winter in sub-500 nm particles (Kirpes et al.,

2018, 2019). While the air masses for Event 2 were passing over the open leads, wind speeds ranged

from 4.0 – 5.5 m s−1 over the open leads, averaging a speed of 4.8 m s−1. Such speeds would be

sufficient to produce sea spray aerosol, supporting the hypothesis that they were initial seeds for

condensational growth during Event 2.
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Figure 2.5: Air mass back trajectory analysis for each growth event. (a) HYSPLIT 72-hour
back trajectories for each event plotted with corrected-reflectance MODIS satellite images
from 3/11, with one trajectory at the beginning of each event and one halfway through
growth. Triangles mark 12-hour time points. The blue region in the upper-left corner is an
imaging artefact and does not represent open ocean. Black boxes highlight regions with sea
ice leads. (b) Average altitudes above ground level (AGL) of the two trajectories calculated
for each event.

Using the SICIMS measurements, we estimated the contribution to the measured growth rate at the

measurement site from condensation of H2SO4 using the equation provided in Kuang et al. (2010)

for Γ, the fraction of growth that can be attributed to H2SO4 condensation:

(2.5)
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where GRmeas is the measured growth rate (nm h−1), [H2SO4] is the average number concentration

of H2SO4 measured onsite during the event (molecules cm−3), ν1 is the volume of a hydrated H2SO4

molecule (1.7x10−22 cm−3), and c̄1 is the mean thermal speed of the condensing H2SO4 monomer

(nm h−1). From the Γ calculations, the results of which are summarized in Table 2.1, we estimate

that H2SO4 condensation accounted for 22 % of volumetric growth during Event 1 (Γ = 4.5 ± 1.5)

and did not contribute substantially to Event 2 (Γ = 139.2 ± 4.2). The Γ analysis assumes that the

concentration of H2SO4 measured during each event represents that which sustained growth during

the entire period of growth. It thus assumes that the air mass is exposed to a constant supply of

condensing H2SO4 and overlooks the role of inhomogeneities during growth (Kivekäs et al., 2016).

Nonetheless, the distinct differences in growth rates and apparent influence from H2SO4 on observed

particle growth are evidence of fundamental differences in the species and circumstances responsible

for the observed events. The SSA measured for bulk aerosol during these events were very similar,

suggesting the differences in these events were not impacting larger particle radiative properties.

Table 2.1: Ultrafine particle growth rates and H2SO4 contribution to growth (Γ).

To further investigate the composition of the particles in each growth event, we next consider the

indirect measurements of UFP composition. Figure 2.6 shows 15 and 35 nm diameter HGF data

for the two events. An instrument malfunction resulted in missing 15 nm data during Event 1; that

issue was resolved midway through Event 2 but as a result we were only able to obtain one reliable

measurement of 15 nm HGF during that event. Based on the size distribution measurements shown

in Figure 2.4, we postulate that 35 nm particle composition represents both background particles as

well as those associated with the growth events. While the condensing species are likely similar for

both particle populations, prior studies suggest a higher salt content in larger particles compared

to smaller ones if these events began as primary marine aerosol (Prather et al., 2013). Figure 2.6a

shows both the average HGF distributions measured during the growth events and the Gaussian

45



Figure 2.6: (a) Measured HGF s at 90 % RH for 15 and 35 nm size-selected particles during
each event (15 nm data missing for Event 1). Markers are the averaged size distributions
measured during each event. The error bars represent standard deviation and the number of
measurements at each size is shown in the legend. Solid lines are Gaussian fits of the data.
Distributions were normalized prior to plotting to facilitate comparison. (b) Time evolution
of Event 1 HGF. The Event 2 HGF distribution did not change during the growth period.

fit to each distribution. The sampled particles in both growth events were highly hygroscopic. The

HGF for 35 nm diameter particles measured during Event 1 was 2.10 ± 0.12. HGF s of 15 nm

and 35 nm diameter particles during Event 2 were 1.65 and 1.94 ± 0.08, respectively. Measured
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HGF s of 35 nm particles are significantly higher than those measured during the background period

(Fig. 2.2c), even compared to the period during 29 March when [H2SO4] was similarly high. This

difference is evidence of a compositional difference between the particles generated in these two

formation events and the background ultrafine particles at the site, and we hypothesize that the

former was highly influenced by primary marine particle production whereas the latter is more

representative of aged sulfate and organics as discussed above. The 35 nm HGF s measured for

both events are smaller than those previously reported for 50 nm mobility-selected sea salt particles

(HGF = 2.2) (Zieger et al., 2017) but fall in the range of nebulized 40 nm sea water proxy with

concentrations of organic material representative of biological activity (HGF = 1.9 – 2.3, see Fig.

2.2c) (Fuentes et al., 2011) and are larger than that of 35 nm ammonium sulfate (HGF = 1.65)

(Hämeri et al., 2000). Figure 2.6b shows that, during Event 1, 35 nm particle HGF slowly decreased

from 2.20 to 1.95. Within measurement uncertainty, the HGF at the end of Event 1 corresponds to

the average HGF measured during Event 2 (1.94 ± 0.08), the latter of which remained relatively

constant throughout its shorter 4-hour period of growth. The HGF distribution of 15 nm particles

sampled during Event 2 is narrower than those of 35 nm particles, which indicates that 15 nm

particles were compositionally more homogeneous compared to 35 nm particles. The peak HGF for

15 nm particles, 1.65, is lower than that measured for 35 nm particles, in part due to the Kelvin

effect but also likely because of the relatively smaller contribution of primary marine particle seeds

to overall particle composition.

Figure 2.7 shows volatility measurements of 15 and 35 nm mobility-selected particles collected during

the events. We note first that the VFR data are very similar for both particle sizes measured in

Event 1, whereas Event 2 shows more substantial differences between the two sizes. One possible

explanation for this can be seen in Figure 2.4, in which the size distribution of Event 1 (Fig. 2.4a)

appears to have a single mode and relatively low concentration of particles larger than 30 nm. In

contrast, Event 2 (Fig. 2.4b) occurs with overall higher concentrations of particles larger than 30 nm

in diameter. Considering the exceptionally high measured HGF measured during both events, it is

likely that the differences in VFR during Event 2 arise from differences in the relative contributions

of primary marine aerosol. In Event 1, 15 nm UFP volume is almost completely lost at 160 ◦C
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Figure 2.7: Volume fraction remaining at 40, 80, and 160 ◦C for 15 and 35 nm size-selected
particles during (a) Event 1 and (b) Event 2. The error bars represent standard deviation
and the number of measurements at each size is shown in the legend. Initial volume was
assumed to be the volume at 300 ◦C.

whereas, in Event 2, 15 nm particles appear to be somewhat less volatile. While generally it is

true that background particles show similar volatility at 160 ◦C (see Fig. 2.3), there is a notable

difference in size-dependence of the VFR data from these events compared to that of the background

period. For the latter, heating to 80 ◦C resulted in 19.2 ± 0.2 % VFR for 35 nm particles, whereas

during Event 1, VFRs of 71 ± 4 % were measured for 15 nm and 72.57 ± 0.01 % 35 nm diameter

particles. Event 2 showed a similar behavior, with VFR of 61 ± 3 % for 15 nm particles and

82 ± 1 % for 35 nm particles. Thus, compared to background particles, those associated with these

UFP formation events were significantly less volatile at 80 ◦C. We attribute this difference in VFR

at 80 ◦C to the relative contributions of organics and a low-volatility salt, which in the case of the

former is reported as 40 % for laboratory-generated α-pinene SOA (Huffman et al., 2009) and for

the latter as 100 % for ammonium sulfate and sodium chloride (Huffman et al., 2008; Villani et al.,

2007).

To summarize the observations of the two UFP growth events, both events display qualities of re-

gional new particle formation events, specifically sustained and continuous growth that persisted

for several hours. This suggests that particles formed over a large region and then were advected

over the measurement site, with the first particles detected corresponding to the least aged and
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the last ones the most aged. Both events are characterized by higher HGF s than can be achieved

by sulfate salts, and from this we conclude that particles contained significant amounts of highly

hygroscopic salts. These salts typically have lower volatility than ammoniated sulfate. The high

HGF measured are consistent with sea salt consisting of NaCl and other trace elements, which is

expected to be non-volatile at 160 ◦C (Mendes et al., 2016; Villani et al., 2007). The non-volatile

nature of NaCl was confirmed for 15 nm particles in laboratory tests with our thermodenuder. Our

measurements of 15 and 35 nm VFR at 80 ◦C are consistent with published values for 25 nm VFR

of marine nanoparticles sampled in Antarctica (Asmi et al., 2010) and observations of 50 nm diam-

eter particle volatility the Arctic and Pacific Oceans (Kim et al., 2015). They are also consistent

with reported 30-40 nm particle volatility performed in the North Atlantic (Quinn et al., 2019)

and coastal California (Bates et al., 2012), although those observations were performed at higher

temperatures (230 ◦C). Our observations of the importance of a component more hygroscopic than

ammonium sulfate in nanoparticle composition is inconsistent with the main conclusions of a study

of nanoparticle volatility performed at Svalbard by Giamarelou et al. (2016), who concluded that

ammoniated sulfates dominated 12 nm particle composition. That study, which did not have sup-

porting hygroscopicity measurements nor direct measurements of sulfuric acid, based its conclusion

on the observation that ambient particles completely volatilized at 230 ◦C. The results for Event 2

are consistent with a comprehensive study by Clarke et al. (2006), which concluded that marine

UFPs contained a non-volatile core with as much as 90 % by volume of a component that com-

pletely volatilized at 300 ◦C. We hypothesize that the newly formed UFPs observed in this study

are comprised of a mixture of volatile organic species and a salt with hygroscopicity similar to sea

salt or NaCl, but that largely volatilizes by 160 ◦C. We are not aware of any aerosol component

that has this property but hope that future observations can shed light on this intriguing property

of newly formed particles in this region.

Our estimates of volume fraction based on the measured HGF s during these events are separated

into the composition of 15 nm particles during Event 2, which minimizes potential biases from

background particles and is therefore more representative of the species responsible for this event,

and that of 35 nm particles during both events, which we hypothesize as being influenced by
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larger seed particles and higher levels of background particles. For the analysis of 35 nm particle

composition, we consider a mixture of sea salt (HGF = 2.2), sulfuric acid (HGF = 1.9), and oxidized

organic (HGF = 1.2). We acknowledge that our volatility observations may rule out sea salt but this

is the only component that we are aware of that could be responsible for the high HGF s observed in

this study and so we apply it to this analysis with the caveat that this component has this HGF but

cannot be pure NaCl. Our Γ analysis (see Table 2.1) suggests that sulfuric acid may contribute to

22 % of particulate volume during Event 1, and we use this information to constrain the contribution

by sulfuric acid to composition during that event. For the analysis of 15 nm particle composition

during Event 2, we use the following HGF s from prior studies: sea salt (HGF = 2.0) (Zieger et al.,

2017) and oxidized organic (HGF = 1.1) (Virkkula et al., 1999). Table 2.2 summarizes the results of

the analysis of these HGF measurements by the ZSR method. During both Events 1 and 2, 35 nm

diameter particles contained significant amounts of the very hygroscopic “sea salt", with an estimated

volume fraction (ϵSS) of 0.74. The balance of composition is predominantly sulfuric acid for Event 1

(ϵSA = 0.22), and oxidized organic for Event 2 (ϵORG = 0.26). Oxidized organics contributed a small

amount to 35 nm particle composition in Event 1 (ϵORG = 0.04). Even though these results are

based on measured HGF, they are qualitatively in agreement with the measurements of volatility if

it were true that the oxidized organics were of low volatility. This possibility is also suggested in the

study of Arctic aerosol volatility by Giamarelou et al. (2016). Finally, the significant contribution of

“sea salt” to 35 nm particle composition in both events agrees qualitatively with the analyses of the

size distribution, back trajectories and wind data, all of which point to the likelihood that marine

emissions were responsible for the initiation of these events. As for the 15 nm diameter particles

most associated with the UFP growth event, our analysis suggests that this event may have also

begun with the formation of primary hygroscopic sea salt-like particles, and then subsequently grew

from the condensation of organic compounds. As mentioned previously, Event 2 was first observed

at the site with a measured modal diameter of 7 nm, so while this qualitatively agrees with the

HGF measurements that suggest a sea salt-like core, the HGF measurements suggest a much higher

volume fraction. The high values of HGF measured during both events indicates their potential

to act as CCN (Petters and Kreidenweis, 2007), thus contributing to the radiative budget in this

region. Previous work has attributed CCN in the Arctic spring to haze (Jung et al., 2018), though
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these results highlight the need for further study of newly-formed ultrafine particles in the Arctic

during this time of year to further investigate the properties contributing to CCN formation and

the resulting radiative forcing effects.

Table 2.2: Estimates of the volume fraction of representative compound classes during UFP
formation events, based on analysis of HGF data using the ZSR mixing rule. ϵSS: volume
fraction of hygroscopic sea salt, ϵSA: volume fraction of sulfuric acid, ϵORG: volume fraction
of organic compounds.

2.5 Conclusions

In this manuscript, we report indirect composition measurements of ultrafine particles in Utqi-

agvik, Alaska, observed during late winter and early spring (5 March – 14 April 2009). Our es-

timates of size-resolved particle composition combine measurements of particle hygroscopicity and

volatility with those of gas-phase sulfuric acid. During “background” periods with minimal local

anthropogenic influence, ultrafine particles in this region were characterized by low concentrations,

averaging 380 cm−3, especially sub-20 nm diameter particles, which had an average number con-

centration of 60 cm−3. Under these conditions, particles exhibited moderate hygroscopic growth

that suggests a mixed organic-inorganic composition. Volatility measurements support this obser-

vation, with less than 20 % VFR measured for sub-100 nm particles. We estimated the volume

fractions of representative compounds using the ZSR method and found that ammoniated sulfate

(∼30 % by volume) and low-hygroscopicity oxidized organics (∼70 % by volume) could account for

the measured hygroscopicity of 35 nm particles. Gas-phase H2SO4 generally trends with solar radi-

ation but did not follow a regular diurnal pattern in this campaign. We also analyzed two ultrafine

particle growth events wherein the properties of the particles differed greatly from those measured
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during the background period. Both growth events produced highly hygroscopic particles, but the

differences in the average measured hygroscopic growth factors (Event 1: 2.1; Event 2: 1.9), as well

as growth rates and H2SO4 contributions to growth, suggest differences in their chemical compo-

sition. HYSPLIT back trajectories and MODIS satellite imagery suggest that Event 1 was likely

influenced by upper marine boundary layer processes, while Event 2 passed over open leads in the

lower boundary layer. Both hygroscopicity and volatility data show that particles in both growth

events contain a significant volume fraction of high hygroscopicity, low volatility species and sup-

port a role for primary marine emissions similar to sea salt as the initial seed for these events. The

preponderance of evidence suggests that Event 1 particles were composed of mixtures of sea salt-like

species and sulfuric acid, whereas Event 2 particles contained similar levels of salt but the balance

of the composition was oxidized organics. This sea salt-like species, which is highly hygroscopic but

more volatile than NaCl, is not known and illustrates the necessity of further measurements in this

region. This study illuminates the importance of a multi-pronged approach to indirect measure-

ments of ultrafine particle composition and illustrates the variability that exists between background

aerosol and newly formed aerosol. It also highlights the potentially important role of low-volatility,

high-hygroscopicity primary marine species like sea salt as initiators of ultrafine particle production

in the Arctic late-winter, which can significantly impact CCN concentrations and thus climate, in

this sensitive region. Prior measurements of CCN during this tune of year have focused primarily

on Arctic Haze, though new particle formation and growth of primary ultrafine particles may be

an important source of CCN. Additional measurements of nanoparticle growth events during this

time of year should be performed to better elucidate the processes driving particle production in

this important region.
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Chapter 3

Sulfuric acid in the Amazon Basin:

Measurements and Evaluation of

Existing Sulfuric acid Proxies

3.1 Abstract

Sulfuric acid is a key contributor to new particle formation, though measurements of its gaseous

concentrations are difficult to make. Several parameterizations to estimate sulfuric acid exist, all

of which were constructed using measurements from the Northern Hemisphere. In this work, we

report the first measurements of sulfuric acid from the Amazon Basin. These measurements are

consistent with concentrations measured in Hyytiälä, Finland, though unlike Hyytiälä there is no

clear correlation of sulfuric acid with global radiation. There was a minimal difference in sulfuric

acid observed between the wet and dry seasons in the Amazon Basin. We also test the efficacy of

existing proxies to estimate sulfuric acid in this region. Our results suggest that nighttime sulfuric

acid production is due to both a stabilized Criegee intermediate pathway, and oxidation of SO2

by OH, the latter of which is not currently accounted for in existing proxies. These results also
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illustrate the drawbacks of the common substitution of radiation for OH concentrations. None of

the tested proxies effectively estimate sulfuric acid measurements at night. For estimates at all

times of day, a recently published proxy based on data from the boreal forest should be used. If

only daytime estimates are needed, several recent proxies that do not include the Criegee pathway

are sufficient. More investigation of nighttime sulfuric acid production pathways is necessary to

close the gap between measurements and estimates with existing proxies.

3.2 Introduction

Numerous studies have shown that sulfuric acid (H2SO4) contributes significantly to atmospheric

particle concentrations. It has been found to be a key component in the formation of new at-

mospheric aerosol particles (Almeida et al., 2013; Jen et al., 2016; Fiedler et al., 2005; Korhonen

et al., 1999; Kuang et al., 2010; Kulmala et al., 2012, 2004; McMurry et al., 2000; Myllys et al.,

2019; Weber et al., 1996, 1997; Yao et al., 2018), and a significant contributor to the growth of new

particles (Bzdek et al., 2012; Paasonen et al., 2010; Riipinen et al., 2007; Stolzenburg et al., 2005,

2020; Wehner et al., 2005). New particle formation (NPF) is a major contributor to global cloud

condensation nuclei populations (Gordon et al., 2017; Kerminen et al., 2012; Spracklen et al., 2008,

2010). Given its importance in atmospheric particle formation and growth, accurate measurements

of atmospheric H2SO4 concentrations are necessary for understanding atmospheric chemical and

thermal processes and accurately simulating new particle formation Dunne2016. However, this has

been difficult to achieve because of low ambient concentrations (106– 107 molecules cm−3 or lower),

which can only be measured using specialized instrumentation such as chemical ionization mass

spectrometers (CIMS) (Dada et al., 2020; Eisele and Tanner, 1993; Jokinen et al., 2012; Mikkonen

et al., 2011), and because of challenges in deploying and operating these instruments.

Due to these challenges, several studies have developed parameterizations to serve as proxies for

H2SO4 concentrations using its atmospheric sources and sinks (Lu et al., 2019; Mikkonen et al., 2011;

Petäjä et al., 2009). Using measurements of hydroxyl radical (OH) and sulfur dioxide (SO2), Weber
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et al. (1997) estimated the daytime concentration of H2SO4 with known rates of photochemical

production and loss by condensation onto existing particle surface area (condensation sink, CS)

and showed good agreement with measurements of H2SO4 concentrations made in Hawaii and

Colorado, USA. However, like H2SO4, OH is difficult to measure due to low concentrations and

relatively short atmospheric lifetime (Eisele and Tanner, 1993). Since OH is formed via ozone (O3)

photolysis by ultraviolet radiation and OH concentration has been found to correlate well with

UV radiation (Rohrer and Berresheim, 2006), radiation has replaced OH concentrations in current

H2SO4 proxies. This correlation was confirmed by Petäjä et al. (2009), who estimated concentrations

of H2SO4 in Hyytiälä, Finland using proxies with OH measurements, and UV and global radiation as

proxies for OH concentration, and found good agreement between estimated and measured H2SO4

concentrations using both UV and global radiation as OH substitutes. Because global radiation

is more frequently measured than UV radiation, Mikkonen et al. (2011) used global radiation to

develop proxies based on CIMS measurements of H2SO4 made in varying environments throughout

North America and Europe. They found that the best approximation for all locations depended

mainly on radiation strength, with reduced source dependence on the concentration of SO2, and

minimal loss contribution from CS. Mikkonen et al. (2011) attributed the reduced dependence on

SO2 and CS to these species representing particulate pollution, which would act as both H2SO4 and

OH sinks. Similarly, a proxy developed using measurements of SO2 concentration, UV radiation, and

CS from Beijing, China found that CS plays a relatively minor role in determining concentrations

of H2SO4 except when CS is large (Lu et al., 2019). A high correlation between CS and SO2

concentrations was observed, which Lu et al. (2019), like Mikkonen et al. (2011), attributed to both

parameters representing atmospheric pollution. Together, the Mikkonen et al. (2011) and Lu et al.

(2019) results demonstrate that using only photochemical production and CS as the source and

sink, respectively, of H2SO4 is insufficient to accurately estimate its concentration across a wide

range of locations.

More recent work has considered additional sources and sinks for atmospheric H2SO4 to improve

these estimates. In addition to formation by OH oxidation of SO2, several proxies described in Dada

et al. (2020) consider the formation of H2SO4 from O3 oxidation of biogenic alkenes via stabilized
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Criegee intermediates (sCI) (Mauldin et al., 2012). This production pathway is hypothesized to

dominate at nighttime, when OH is a less important oxidant (Mauldin et al., 1998). The loss term

in these new Dada et al. (2020) proxies include both condensation sink and the clustering of H2SO4

monomers to form new atmospheric particles. Through testing for a variety of environments, Dada

et al. (2020) developed H2SO4 parameterizations representing sites with conditions similar to those

used to develop and verify these proxies. They suggest comparison of any site’s H2SO4, OH, SO2,

O3, and dominant alkene concentrations, as well as global radiation and CS, to those of the sites

studied and use the proxy developed for the environment most similar to that of interest. The Dada

et al. (2020) proxies showed good agreement between the measured and estimated concentrations

of H2SO4 for data from sites used in the proxy construction, but thus far the proxies have been

tested on one new environment. Further validation of these proxies is needed by testing them on

measurements from a variety of sites.

Though several of the proxies described earlier considered measurements made in varying environ-

ments to develop a robust, generalized H2SO4 proxy (Dada et al., 2020; Mikkonen et al., 2011),

only measurements made in the Northern Hemisphere have been used in their construction. Mea-

surements from the Southern Hemisphere need to be considered in order to develop a proxy that

accurately estimates H2SO4 concentrations globally. The Amazon Basin has been the focus of

recent field work, specifically the Observations and Modeling of the Green Ocean Amazon (GoAma-

zon2014/5) experiment (Martin et al., 2016), in large part because the biological emissions from the

forest contribute significantly to climate and atmospheric composition in South America (Artaxo

et al., 2013; Pöschl et al., 2010). This region is characterized by a mixture of pristine biogenic

conditions with pollution from Manaus and human activity in the area (Nobre et al., 2016). Nat-

ural emissions dominate the wet season (December – May), during which time wet deposition of

accumulation mode particles (diameter between 0.1 – 2.5 µm) and coarse mode particles (diame-

ter greater than 2.5 µm) reduces concentrations of particles in these size ranges compared to the

dry season (August - November). However, recent work has shown that anthropogenic pollutants

influence atmospheric particles during the wet season as well (Glicker et al., 2019). Previous mea-

surements in the Amazon Basin have reported concentrations of SO2 that were more than an order
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of magnitude smaller than those measured in remote sites in the Northern Hemisphere (Andreae

and Andreae, 1988; Andreae et al., 1990; Martin et al., 2010). From these measurements, model

results have suggested that H2SO4 levels are too low to result in surface-level particle formation

(Spracklen et al., 2006). However, measurements of H2SO4 levels in the Amazon Basin have not yet

been reported.

This manuscript reports the first measurements of H2SO4 in the Amazon Basin performed using

chemical ionization mass spectrometry. The focus of this work is during two intensive operating pe-

riods (IOPs) during the GoAmazon2014/5 campaign; one during the wet season (IOP 1: 9 February

2014 – 8 March 2014) and one during the dry season (IOP 2: 28 August 2014 – 5 September 2014).

We then assess the efficacy of existing proxy parameterization in estimating H2SO4 concentrations

in the Amazon Basin, the first location in the Southern Hemisphere to be tested.

3.3 Methods

3.3.1 Site description

All chemical and meteorological measurements were performed during the GoAmazon2014/5 cam-

paign at the T3 site (3.2133◦ S, 60.5987◦ W), 10 km northeast of Manacapuru, Brazil (Martin et al.,

2016). This site is located in pastureland 70 km west of Manaus, Brazil, in central Amazonia. Mea-

surement facilities deployed to T3 included the Atmospheric Radiation Measurement (ARM) Mobile

Facility number 1 (AMF-1), the ARM Mobile Aerosol Observing System (MAOS), and laboratories

contained in four modified shipping containers with instruments operated by several research orga-

nizations. Air masses arriving at this site typically originate near the coast of the Atlantic Ocean

and contain biogenic species from the forest as they travel to the site, with some influence from

Manaus. All times are reported in UTC.
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3.3.2 Instrumentation

Trace Gas Analysis

Gas-phase concentration measurements of H2SO4 and OH were made using a selected ion chemical

ionization mass spectrometer (SICIMS), the details of which have been reported previously in Jeong

et al. (2022), Tanner et al. (1997), and Mauldin et al. (1998). Concentrations of SO2 were measured

using a Thermo Fisher Scientific Model 43i trace level-enhanced pulsed fluorescence SO2 analyzer

with a detection limit of 7.4x109 molec cm−3. More specific information regarding the operation

and calibration of the SO2 analyzer can be found in Springston (2016). A Thermo Fisher Scientific

Ozone Analyzer Model 49i was used to measure concentrations of O3 based on their absorption of

ultraviolet (254 nm) light. More details regarding the operation of this instrument can be found in

Springston (2020). Measurements of monoterpene (MT) and isoprene concentrations were obtained

using a selected reagent ion proton transfer reaction time-of-flight mass spectrometer (SRI-PTR-

TOFMS). These data were calibrated using the ion signal of C10H
+

17 for α-pinene and C5H
+

9

for isoprene, and α-pinene and isoprene standards. More specific details about the operation of

this instrument are reported in Sarkar et al. (2020). All trace gas concentrations are reported as

five-minute averages with units of molecules cm−3.

Particle Number-Size Distribution

Particle number-size distributions for particles with electrical mobility diameters 10 – 496 nm from

0:00 UTC 5 February – 18:46 16 February, and 11 – 460 nm for the rest of IOP 1 and IOP 2

were collected using a TSI Model 3963 scanning mobility particle sizer with a TSI Model 3772

condensation particle counter (CPC) (ARM, 2014c). Sampled particles were dried to a maximum

of 20 % RH before classification (Kuang, 2016). CS was estimated from the number size distributions

for particles with mobility diameters 11 – 460 nm using the method described in Kulmala et al.

(2001) and Kulmala et al. (2012).
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Meteorology

Global radiation was measured at the AMF-1 using a precision spectral pyranometer (Eppley)

(ARM, 2014b). Data were collected in 60-second intervals. Ambient temperature, relative humidity,

wind direction, and wind speed were measured at AMF-1 in 60-second intervals (ARM, 2014a). All

meteorological data are reported as 5-minute averages.

3.3.3 Proxies Tested

We used measurements of SO2 and OH along with estimates of CS to evaluate the efficacy of the

simplest H2SO4 proxy developed, which includes the photochemical production of H2SO4 and loss

to particle surface area in estimating the concentration of H2SO4 using the following equation:

d[H2SO4]

dt
= k[OH][SO2]− [H2SO4]CS−1 (3.1)

in which k is the temperature-dependent rate constant (DeMore et al., 1997; Sander et al., 2003).

Assuming that H2SO4 production and loss are in steady-state, Eqn. 3.1 can be rearranged to directly

calculate the concentration of H2SO4 (Proxy 1, Table 3.1). To evaluate whether global radiation

(GlobRad) is an effective replacement for OH concentrations in the Amazon Basin, we used Proxy 2,

where k′ replaces the temperature-dependent rate constant k, and is the fitting parameter between

the proxy terms and measured concentration of H2SO4, similar to the proxy reported by Petäjä

et al. (2009) (Table 3.1). We also used several of the proxies developed from data sets collected at

a variety of locations to assess how well they estimate H2SO4 concentrations in the Amazon Basin.

This includes the proxy Mikkonen et al. (2011) reported that best predicted H2SO4 concentrations

across all of the locations they tested, where k is the temperature-dependent rate constant for the

reaction of OH with SO2 (DeMore et al., 1997) multiplied by 1012 (Proxy 3, Table 3.1). Recent

proxies developed by Dada et al. (2020) that additionally consider H2SO4 production via the sCI

pathway and loss due to clustering were tested to evaluate the relative importance of these pathways

in determining H2SO4 concentrations in the Amazon Basin. Based on the values of the characteristic
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predictor variables ([H2SO4], [SO2], CS, Global radiation, [O3], [Alkene]) detailed in Figure 9 of that

work, we tested proxies representing environments similar to the boreal forest (Hyytiälä, Finland)

(Proxy 4), and representing environments similar to the rural location (Agia Marina, Cyprus) used

to develop this proxy (Proxy 5). Notably, Proxy 4 is the only proxy tested that includes the sCI

production pathway, making it possible to assess nighttime H2SO4 estimations, one of the limitations

of the proxies that only consider photochemical H2SO4 production. The equations corresponding

to each proxy (numbered 1 - 5) are shown below in Table 3.1.

Table 3.1: Proxies used in this study to estimate sulfuric acid concentrations. Parameter
terms defined in Section 3.3.2

3.4 Results and Discussion

Table 3.2 lists the key variables for the proxies used in this study across both IOPs. Due to instru-

ment malfunctions as well as challenges associated with operating this instrument in this remote

location, only a select number of days from each IOP are included for analysis. The measurements

reported here span 14 days across IOP 1 (9 - 19 February and 5 - 8 March 2014) and 9 days across

IOP 2 (28 August - 5 September); thus the campaign data is more representative of measurements

made during IOP 1 (61 % of the total data points). Measurements of H2SO4 during both IOPs

show a small degree of seasonality (IOP 1 median: 7.82x105 molec cm−3; IOP 2 median: 2.56x105
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Table 3.2: Summary of the mean, median, 5 - 95 percentiles, and standard deviation (sd) of
the relevant trace gases, condensation sink, global radiation, and relative humidity measured
in the Amazon Basin during this study.

molec cm−3), indicating that differences between the wet (IOP 1) and dry (IOP 2) seasons do not

influence H2SO4 to a large degree. The campaign median value (6.73x105 molec cm−3) is consistent

with measurements from Hyytiälä, Finland (Dada et al., 2020; Mikkonen et al., 2011), which sug-

gests that the boreal forest environment may be similar enough to use the boreal proxy reported in

Dada et al. (2020). Measured H2SO4 is roughly one order of magnitude lower than measurements

from rural (Agia Marina, Cyprus (Dada et al., 2020)), semi-urban (Helsinki, Finland (Dada et al.,
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2020)), urban (Atlanta, USA (Mikkonen et al., 2011); Budapest, Hungary (Dada et al., 2020)),

and megacity (Beijing, China (Dada et al., 2020; Lu et al., 2019; Yang et al., 2021)) environments.

These data suggest that the general proxy from Mikkonen et al. (2011) (Proxy 3) and boreal Dada

et al. (2020) proxy (Proxy 5) may provide reasonable estimations.

Measurements of SO2 and O3 similarly show minimal differences between the wet and dry seasons.

Observed SO2 concentrations are about 1.5x larger than measurements from boreal (Hyytiälä, Fin-

land (Dada et al., 2020; Mikkonen et al., 2011)) and alpine forest (Niwot Ridge, USA (Mikkonen

et al., 2011)), and the campaign average is simlar to measurements from rural (Agia Marina, Cyprus

(Dada et al., 2020); San Pietro Capofiume, Italy (Mikkonen et al., 2011)) environments. The ob-

served levels of SO2 are consistent with the smaller industrial influence in the Amazon Basin than in

semi-urban (Helsinki, Finland (Dada et al., 2020)), urban (Budapest, Hungary (Dada et al., 2020);

Atlanta, USA (Mikkonen et al., 2011)), and megacity (Beijing, China (Dada et al., 2020)) locations.

Measurements of O3 concentrations during both IOPs are lower than those reported for all sites

used in the Dada et al. (2020) and Mikkonen et al. (2011) studies, although measurements from

Hyytiälä reported in both studies are the closest to our measurements.

Unlike H2SO4, SO2, and O3, measurements of CS are consistent with previous observations of more

polluted conditions during the dry season (IOP 2) compared to the wet season (IOP 1) (Andreae,

2004; Yamasoe et al., 2000), though measurements of SO2 concentration suggest this difference is

not to the degree previously measured (median 0.73x109 for IOP 1, 1.48x109 molec cm−3 for IOP 2).

During IOP 1, the median measured CS (4.81x10−3 s−1) is consistent with previously reported values

from several types of forest (Hyytiälä, Finland (Dada et al., 2020; Mikkonen et al., 2011); Niwot

Ridge, USA (Mikkonen et al., 2011)) and rural (Agia Marina, Cyprus; San Pietro Capofiume, Italy

(Dada et al., 2020)) environments. The larger CS measured during IOP 2 (median: 17.0x10−3 s−1)

is more consistent with those reported from Atlanta (Mikkonen et al., 2011), and even the megacity

Beijing (Dada et al., 2020). This difference in CS between the two seasons is mainly driven by a

the higher concentration of 50 - 100 nm particles present during IOP 2 (average: 1530 cm−3) and

not IOP 1 (average: 300 cm−3) (Fig. A.1), and is consistent with the increased wet deposition of

particles during the wet season (IOP 1) (Andreae, 2004; Yamasoe et al., 2000). The campaign-
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averaged CS (7.54x10−3 s−1) is consistent with prior measurements from San Pietro Capiofume,

Italy (Mikkonen et al., 2011) and Budapest, Hungary (Dada et al., 2020). The CS measurements

support the use of the (Mikkonen et al., 2011) proxy and the (Dada et al., 2020) boreal and rural

proxies.

We compared the concentrations of isoprene and monoterpenes to determine the dominant alkene,

which was used in the Dada et al. (2020) boreal proxy (Proxy 4), per the recommendation in that

study. Isoprene was observed to have a higher concentration (campaign median: 1.62x1010 molec

cm−3) than monoterpenes (campaign median: 3.33x109 molec cm−3), and was thus used in the Dada

et al. (2020) boreal estimation as the alkene concentration. The isoprene concentrations measured

during the campaign were about an order of magnitude greater than measured monoterpene levels

from Hyytiälä, and significantly lower than alkene concentrations measured in Beijing (Dada et al.,

2020), supporting the use of the Dada et al. (2020) boreal proxy. The levels of these key variables

(CS, H2SO4, SO2, O3, and isoprene) in estimating the concentration of H2SO4 in the Amazon Basin

show that the generalized Mikkonen et al. (2011) proxy and both the boreal and rural Dada et al.

(2020) proxies may be appropriate to use in this location.

Figure 3.1: Two-hour diurnal variation of the median H2SO4, SO2, OH, and global radiation
measured during the entire campaign. Note that daylight hours are from 08:00 - 22:00 UTC
during the campaign; negligible changes between IOPs 1 and 2 were observed.

Next, we compared the two-hour diurnal cycles of the source terms (SO2, OH, and radiation) in

the basic photochemical proxies to assess their correlation with the measured concentrations of
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H2SO4 (Fig. 3.1). There is no apparent diurnal cycle of H2SO4 and, notably, there is not a clear

correlation between its concentration and the level of global radiation measured at the site. This is

in contrast to the correlation observed between these two parameters at the Northern Hemisphere

sites used in the construction of the Mikkonen et al. (2011) and Dada et al. (2020) proxies (data

sets from Atlanta, USA; Hyytiälä, Finland; Melpitz, Germany; Niwot Ridge, USA). During the

observation period,nighttime concentrations of H2SO4 accounted for 36 % of the total measured

H2SO4, suggesting that while photochemical production is likely an important source of H2SO4

Amazon Basin, nighttime sources should also be considered in an efficient proxy.

Additionally, Figure 3.1 shows that there was OH measured during nighttime (22:00 - 08:00 UTC).

This suggests that the common use of global radiation as an OH replacement in H2SO4 proxies is

only sufficient during daytime hours (08:00 - 22:00 UTC) in the Amazon Basin. This is consistent

with model results from Lelieveld et al. (2008, 2016), which indicate that secondary production of

OH through O3 reaction with isoprene is a major source of OH in the boundary layer in the Amazon

rainforest, in addition to primary production from photodissociation of O3. This secondary pathway

is active at nighttime, and likely contributes in other regions where data sets have been used to

construct and test H2SO4 proxies, meaning that nighttime H2SO4 is not being accounted for in these

estimations. Thus, as we move through our testing of the proxies that substitute global radiation

for OH, it is with the understanding that this substitution misses nighttime production of H2SO4

through the oxidation of SO2 by OH, which is likely occurring in this location. We also note that

all of the parameterizations tested include only oxidation of SO2 to product H2SO4, though species

such as dimethylsulfide, hydrogen sulfide, and methylmercaptan have been previously measured in

the Amazon Basin and may contribute to H2SO4 production (Andreae and Andreae, 1988; Andreae

et al., 1990).

The concentration of H2SO4 was estimated using Proxy 1, which includes production from the

oxidation of SO2 by OH and loss from CS. The results of this estimation are plotted as a function of

the measured H2SO4 in Figure 3.2a. Estimates from IOPs 1 and 2 fall below the 1:1 line, meaning

the proxy tends to underestimate measured H2SO4 by an average factor of 3.7. Despite a generally

linear trend exhibited between the estimated and measured values, there is a weak correlation (0.46)
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between these two that cannot be attributed to a single parameter (CS, OH, SO2) included in the

proxy. While this proxy is advantageous in that it is the only proxy tested that depends directly on

the concentrations of species that react to form H2SO4 and uses measured rate constants to perform

estimations, in the Amazon Basin this estimation provides a lower limit of H2SO4 concentrations.

Our results further support the hypothesis that there is another source of H2SO4 in this region that

is not described by OH initiated oxidation of SO2. They also indicate that loss from CS may not

be the only loss pathway for H2SO4.

Figure 3.2: Estimated concentrations of sulfuric acid from Proxy 1 (865 points) (a) and
Proxy 2 (1941 points) (b) versus measured concentrations. Data from IOP 1 are plotted as
boxes and data from IOP 2 are plotted as crosses. The 1:1 line is plotted to guide the eye.
The fit line represents the fit between the measured and proxy-estimated values of sulfuric
acid.

To evaluate whether global radiation is a sufficient substitute for OH during daytime, we used

Proxy 2 to estimate H2SO4. The value of k′ was calculated as a fit parameter between the log

of the proxy terms (GlobRad, SO2, CS) and the log of the measured H2SO4 for the entire data

set (Fig. A.2). The calculated value of k′ is 2.43x10−10 m2 s1 W−1, which is smaller than the fit

value reported in Petäjä et al. (2009) (1.4x10−7 m2 s1 W−1). The difference in k′ is a result of

the dependence of the proxy on radiation between the location used in this study and Hyytiälä,

which was used in Petäjä et al. (2009). A drawback to this estimation compared to Proxy 1 is

that it does not rely on the specific reactants that produce H2SO4. Figure 3.2b shows that this

estimation, like that from Proxy 1, falls below the 1:1 line, though to an even larger degree than

the first proxy. Measurements of OH and radiation show little correlation during the observation
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period (Fig. A.3), supporting the hypothesis that secondary OH production from O3 reaction with

isoprene contributes significantly in this region (Lelieveld et al., 2008, 2016). Similar results are

obtained when using the proxy reported by Petäjä et al. (2009) (Fig. A.4). Both proxies do a

particularly poor job estimating concentrations during IOP 2 (Fig. 3.2b), in which the estimates

do not exhibit a trend with the measured values. This can be attributed to a lack of correlation

between H2SO4 and radiation during this portion of the observation period (Fig. A.3a).

Interestingly, the main underestimations made with Proxy 2 occur when the value of global radia-

tion falls between 10 - 100 W m−2. Previous studies have used 10 W m−2 (Mikkonen et al., 2011)

and 50 W m−2 (Dada et al., 2020) as the lower cut-off for radiation, although these results indicate

that increasing the lower limit for radiation to 100 W m−2 would likely improve estimates. Since

both H2SO4 and OH were measured when radiation was less than 100 W m−2 throughout the entire

campaign (Fig. A.3), this would be at the expense of estimating H2SO4 during low-light (radiation

< 100 W m−2) conditions, when secondary production of OH is likely the dominant source of OH.

This discrepancy suggests that a combination of other H2SO4 sources and secondary OH produc-

tion are contributing to H2SO4 levels, which is not being accounted for in this parameterization.

Further investigation into the relative importance of primary and secondary OH production path-

ways should be performed to determine a generalized radiation lower cut-off value for application of

these general H2SO4 proxies during daytime hours. Additionally, more examination of the relative

contributions from primary and secondary OH production pathways is necessary to evaluate how

well solar radiation represents OH across a range of locations.

The best predictive proxy reported in Mikkonen et al. (2011) (Proxy 3) was also tested using

the Amazon Basin data set. Like Proxy 2, this uses global radiation instead of OH, though as

described earlier it was developed using measurements from a variety of different environments and

has significant differences in both the H2SO4 source and sink terms. This proxy has a reduced

dependence on SO2 in the source term, as well as a reduced dependence on loss to particle surface

area, which includes a term meant to represent particulate hygroscopic growth (CS · RH) (Table

3.1). Figure 3.3 shows that the estimations from both IOPs fall much closer to the 1:1 line than

for Proxies 1 and 2, with a particularly noticeable improvement for IOP 2 compared to Proxy 2.
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Figure 3.3: Estimated concentrations of sulfuric acid from Proxy 3 versus measured concen-
trations (1172 points). Data from IOP 1 is plotted as boxes and data from IOP 2 is plotted
as crosses. Data points are color-coded to represent the amount of global radiation measured
at that time; light blue points were when global radiation was 0 - 100 W m−2, and dark blue
points were when global radiation exceeded 100 W m−2. The 1:1 line is plotted to guide
the eye. The fit line represents the fit between the measured and proxy-estimated values of
sulfuric acid.

Unlike with Proxy 2, the estimations here for IOP 2 exhibit a trend with the measured values of

H2SO4. The lighter-colored markers represent data points where global radiation is between 10 -

100 W m−2. This underestimation during these low-light conditions was also seen in the estimates

from Proxy 2, further supporting the need for inclusion of secondary OH production in an effective

parameterization in the Amazon Basin and more investigation into a generalized lower limit for

values of radiation used in these parameterizations. These improved estimates from this proxy with

reduced dependence on the concentration of SO2 support the hypothesis reported in Mikkonen et al.

(2011) that SO2 is an indicator of particulate pollution, which acts as a sink for both H2SO4 and

OH. Additionally, the Amazon Basin is very humid (campaign average RH 89 ±13 %) and sampled

aerosols are dried to below 20 % RH before classification, so accounting for hygroscopic growth of

particles in the CS term may better represent the actual particle surface area available for H2SO4

uptake. This can also help explain the marked improvements over estimates from Proxies 1 and 2,

both of which underestimate measured H2SO4.

We plotted the diurnal cycle of each proxy to assess their efficacy in estimating H2SO4 at different

times of the day (Fig. 3.4). Proxy 1, which is the only proxy to include the concentration of
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Figure 3.4: Two-hour averaged diurnal variation of the median sulfuric acid measurements
(red), and estimations from Proxies 1 (purple), 2 (yellow), and 3 (blue) for the entire cam-
paign. The bars represent the 25th - 75th percentiles for each measured value. Daylight
hours: 08:00 - 22:00 UTC.

OH, is also the only proxy shown to include nighttime estimations of H2SO4. Since both species

were measured at night in the Amazon Basin (Fig. 3.1), this illustrates a major limitation of the

other proxies that use global radiation as a substitute for OH. Despite Proxy 1 providing nighttime

estimates of H2SO4, it tends to under-predict measurements by an order of magnitude during these

hours. When radiation exceeds 100 W m−2 (10:00 UTC, Fig. 3.1), the proxy reported by Petäjä

et al. (2009), which is very similar to Proxy 2 in this work, is competitive with Proxy 1 in its

predictive ability, while Proxy 2 is within the 25th percentile of the Petäjä et al. (2009) estimation,

and Proxy 3 underestimates the measured values by two orders of magnitude. From 12:00 - 20:00

UTC, the Mikkonen et al. (2011) proxy (Proxy 3) best estimates the measured concentrations of

H2SO4; the median estimation falls within the 25th - 75th percentiles of the measured values. Proxy 1

and the Petäjä et al. (2009) proxy underestimate measured concentrations by one order of magnitude

during this time period, while Proxy 2 underestimates by 101 - 102 molec cm−3. During daylight

hours, Proxies 1 and 3 are sufficient estimators of H2SO4 while Proxy 2 drastically underestimates

measurements. Only Proxy 1 can provide nighttime estimations, which are necessary in the Amazon
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Basin where H2SO4 is measured at night. This proxy is the only one tested thus far that accounts

for secondary OH production.

Several new proxies reported by Dada et al. (2020) include production of H2SO4 through a sCI

pathway, as well as an additional loss pathway due to clustering of H2SO4 to form new particles.

This additional source of H2SO4 is active at nighttime, so despite these proxies depending on global

radiation rather than measurements of OH concentration (Proxies 4 and 5, Table 3.1), nighttime

estimations can still be made. Based on Figure 9 of Dada et al. (2020), the proxies developed

representing boreal forest and rural environments would be most appropriate to use for the Amazon

Basin conditions. Of the two proxies, only the boreal (Proxy 4) includes the sCI production pathway,

though both proxies include the clustering loss term. The rural proxy (Proxy 5) can therefore be

compared to Proxies 1 - 3 to evaluate the best predictive daytime parameterization for the Amazon

Basin.

Figure 3.5: Estimated concentrations of sulfuric acid from Proxy 4 (1941 points) (a) and
Proxy 5 (1654 points) (b) versus measured concentrations. Data from IOP 1 is plotted as
boxes and data from IOP 2 is plotted as crosses. Data points are color-coded to represent the
amount of global radiation measured at that time; lighter-colored points were when global
radiation was 0 - 100 W m−2, and darker-colored points were when global radiation exceeded
100 W m−2. The 1:1 line is plotted to guide the eye. The fit line represents the fit between
the measured and proxy-estimated values of sulfuric acid.

Figure 3.5a shows that data points where global radiation exceed 100 W m−2 from the boreal proxy

(Proxy 4) fall on the 1:1 line, while those from lower-light conditions all underestimate the measured

values. These underestimations (101 - 102 molec cm−3) represent data points from both nighttime
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and twilight times of day, and are likely due to the proxy only considering the sCI formation

pathway during these times. The weak correlation (0.26) between the estimated and measured

values is driven by the low-light data points; a much higher correlation (0.68) is achieved for data

points where global radiation > 100 W m−2. Since OH was measured during nighttime in the

Amazon Basin, the production of H2SO4 from OH oxidation of SO2 is an unaccounted for source in

this estimation, and likely contributes to the low-light underestimations observed. Similar results

were obtained using the combined concentrations of isoprene and monoterpene as the alkene term

in this proxy (Figs. A.5 and A.6). Interestingly, the nighttime H2SO4 production term in this proxy

likely also represents the main secondary OH production pathway (Table 3.1). This illustrates the

need to distinguish boreal forest environments from the tropical rainforest due to differences in OH

sources; model results suggest that primary production of OH and secondary production due to

NOx are more important in the boreal forest than tropical rainforest (Lelieveld et al., 2016). The

Lelieveld et al. (2016) results also indicate that even during summertime, nighttime OH is lower

in the boreal forest than in the tropical rainforest. As pollution, including NOx, is expected to

increase in the Amazon Basin, model results made from GoAmazon2014/5 data suggest that OH

levels will increase (Liu et al., 2018). Despite the similarity in many of the H2SO4 key predictor

variables between the Amazon Basin and Hyytiälä, there are major differences between these two

locations that require consideration when using Proxy 4.

Proxy 5, which is representative of rural conditions, does not include the sCI pathway and therefore

only provides daytime estimations of H2SO4. Data from both IOPs lie near the 1:1 line, though

they have more spread around this line than the daytime estimations from Proxy 4 (Fig. 3.5b).

The few low-light data points used in this parameterization exhibit the underestimation trend seen

in Proxies 3 and 4, likely due to a combination of missing the sCI H2SO4 source and secondary OH

production like Proxy 3. There is a clear improvement in the predictive strength of this estimation

compared to Proxy 1, which almost entirely underestimates measured concentrations of H2SO4 (Fig.

3.2a).

Both of the Dada et al. (2020) proxies have a higher correlation with measured H2SO4 when global

radiation exceeds 100 W m−2 (Fig. 3.5) than the other radiation-based proxies (Fig. 3.3 and 3.4).
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This suggests that Proxies 4 and 5 should have daytime estimations that are more consistent with

the Amazon Basin measurements than the previous proxies. Additionally, Proxy 4 should provide

estimates during all hours of the day. Considering the amount of OH measured at nighttime during

the campaign, as well as the underestimation of H2SO4 during low-light hours by Proxy 4, we

decided to assess the efficacy of Proxy 4 if measurements of OH were substituted for global radiation

in Proxy 4. We also re-fitted the coefficients of Proxy 4 (new proxy shown in Eqn. 3.2), the results

of which are shown in Figure 3.6.

(3.2)

Figure 3.6: Estimated concentrations of sulfuric acid from Proxy 4 (8124 points), where
measured OH is used instead of global radiation, versus measured concentrations. Data
from IOP 1 is plotted as boxes and data from IOP 2 is plotted as crosses. The proxy
coefficients were refitted and are shown in Eqn. 2. The 1:1 line is plotted to guide the eye.
The fit line represents the fit between the measured and proxy-estimated values of sulfuric
acid.

As seen in Figure 3.6, substituting measured OH for global radiation in Proxy 4 results in estima-

tions that are much closer to the 1:1 line. Additionally, it almost entirely eliminates the low-light
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underestimations shown for both IOP 1 and IOP 2 in Figure 3.5. There is still an underestimation

mode seen in Figure 3.6 for IOP 1, which like that seen in Figure 3.5b, corresponds to a period of

both low global radiation and low OH. While this underestimation contributes to the lower correla-

tion value (R2 = 0.68), overall there is much better agreement between the new Proxy 4 estimates

and those made using global radiation, likely because of the better estimates under low-light condi-

tions. To test this hypothesis, the diurnal cycles of these proxies and the measurements of H2SO4

were plotted for comparison.

Figure 3.7: Two-hour averaged diurnal variation of the median sulfuric acid measurements
(red), and estimations from Proxies 4 (green), 5 (teal), and Eqn. 2 (purple) for the entire
campaign. The bars represent the 25th - 75th percentiles for each value. Daylight hours:
08:00 - 22:00 UTC.

As hypothesized, the estimations from 12:00 - 20:00 UTC for Proxy 4 and 14:00 - 20:00 UTC for

Proxy 5 are within the 25th - 75th percentile bars of the H2SO4 measurements (Fig. 3.7). Both

estimations at 10:00 UTC are similar to those from Proxies 1 and 3, and all four estimate more

accurately than Proxy 2 and the Petäjä et al. (2009) proxy (Fig. 3.4). The consistency between

Proxies 3 and 5 during daylight hours indicates that the clustering of H2SO4 molecules to form

new atmospheric particles is not a major loss source during this time of day. The boreal proxy

(Proxy 4) greatly underestimates measurements at nighttime (102 molec cm−3), and are one order of

magnitude smaller than those from Proxy 1 (Fig. 4). In order to match the concentrations of H2SO4

measured between 0:00 - 8:00 UTC, there would need to be an increase of 103 molec cm−3 of alkene
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(median concentration necessary: 2.9x1012 molec cm3), which is larger than the total concentration

of monoterpenes and isoprene measured during the campaign (Fig. A.6). Substituting OH for

global radiation in the boreal proxy, resulting in the parameterization described by Equation 3.2,

significantly improves these estimates during nighttime hours, as we hypothesized. These results

suggest that both the sCI and OH oxidation of SO2 are contributors at nighttime in the Amazon

Basin, and perhaps in other locations as well. Estimating H2SO4 concentrations at night is currently

the main area of uncertainty with current proxies, and while measurements of OH are difficult to

make, they are key to determining low-light and nighttime sources of H2SO4 for developing a robust

proxy for general use.

The modified boreal proxy from Dada et al. (2020) (Eqn. 3.2) is the best general use proxy for

the Amazon Basin. This proxy provides the most representative estimations of H2SO4, considering

both overall estimations (Fig. 3.6) and the diurnal cycle compared to measured values (Fig. 3.7).

Though the Mikkonen et al. (2011) and Dada et al. (2020) boreal and rural proxies provide similarly

accurate estimations during daylight hours and Proxy 4 provides nighttime estimates, substituting

OH for global radiation (Eqn. 3.2 provides the most accurate nighttime estimations. Our results

support the Dada et al. (2020) recommendation to compare a given location’s conditions to those

reported in Figure 9 of that work to determine the most appropriate proxy to use. The conditions

in the Amazon Basin best aligned with the boreal conditions reported in that work, and of the

currently published parameterizations tested, that proxy provided the best estimates of H2SO4. We

note that caution should be applied to estimates from this parameterization due to differences in OH

production pathways between the boreal forest and tropical rainforest environments, and recommend

substituting OH concentration for global radiation in Proxy 4, and refitting the coefficients in that

equation when OH measurements are available. These results support the inclusion of the sCI

production pathway and loss due to clustering pathway in a robust proxy. They also show that

replacing the concentration of OH with global radiation is insufficient for proxies in the Amazon

Basin where OH has been measured at nighttime (Fig. 3.1), and likely contributes to the measured

H2SO4 during this time of day. For estimations of solely daytime concentrations of H2SO4 (global

radiation > 100 W m−2), the Dada et al. (2020) estimations (Proxies 4 and 5) and Mikkonen
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et al. (2011) parameterization (Proxy 3) provide the best estimations of H2SO4 (Figs. 3.3-3.7).

These proxies provide better daytime estimations than the photochemical proxies that only consider

production of H2SO4 via OH oxidation of SO2, and loss solely to particle surface area (CS).

3.5 Conclusions

This paper reports, to the best of our knowledge, the first measurements of H2SO4 from the Amazon

Basin. The median concentrations measured during both the wet (IOP 1: 7.82x105 molec cm−3)

and dry (IOP 2: 2.59x105 molec cm−3) seasons differed only slightly from each other, indicating

that seasonal changes have minimal impact on H2SO4 in this region. These concentrations are

consistent with measured values from the boreal forest in Hyytiälä (Dada et al., 2020; Mikkonen

et al., 2011), and much lower than measurements from more urban locations (Dada et al., 2020;

Mikkonen et al., 2011). Our results show minimal diurnal variation across both seasons and no

clear correlation with global radiation, in contrast previous measurements of H2SO4 from a variety

of locations (Dada et al., 2020; Mikkonen et al., 2011; Petäjä et al., 2009). These results suggest

that photochemical oxidation of SO2 by OH is not the only source of H2SO4 in the region, as well

as demonstrate the importance of including measurements from a wide range of sites to develop a

general-use H2SO4 proxy.

The best predictive proxy for all light conditions was the boreal proxy reported in Dada et al. (2020)

with OH substituted for global radiation, though the published proxy using global radiation was

the second-best tested here. This was the only radiation-dependent proxy to provide nighttime

estimations, which is a clear advantage for use in an environment like this one where there is

measurable nighttime H2SO4. If nighttime estimations of H2SO4 are necessary for environments

similar to the Amazon Basin, the boreal proxy reported in Dada et al. (2020) is the best available

estimation for low-light data when measurements of OH are unavailable. However, we note that

the nighttime estimations are incomplete because the production via OH oxidation of SO2 is not

included, and including measurements of OH in this parameterization improved nighttime estimates
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of H2SO4. The validity of the rural proxy from Dada et al. (2020) and the best proxy from Mikkonen

et al. (2011) are supported for daytime estimations (radiation > 100 W m−2) by these results. All

four provide estimations within the 25th to 75th percentile of the measured concentrations under

these conditions.

Based on the measurements from the Amazon Basin and the proxy results, both the sCI and

SO2 oxidation by OH pathways for H2SO4 production contribute during low-light and nighttime

conditions. This combination under low-light conditions is not currently accounted for by any

existing H2SO4 proxy, and may be responsible for low-light H2SO4 in other tropical and low-NOx

environments. The combination of biogenic emissions from the rain forest combined with fresh

anthropogenic emissions from local farms and aged anthropogenic emissions from Manaus provides

more chemical heterogeneity than what is observed in Hyytiälä (Asmi et al., 2011; Dada et al., 2017;

Kulmala et al., 2016), which may help explain the observed discrepancy between the measured and

estimated H2SO4 concentrations. More measurements from the Southern Hemisphere, which has

lower NOx compared to the Northern Hemisphere, should be used to test and construct H2SO4

proxies to more accurately represent the variety of H2SO4 and OH sources.

These results, which are the first to test existing proxies using data from the Southern Hemisphere,

demonstrate the challenges in simplifying the complex processes controlling H2SO4 levels into an

equation. We observed that radiation is not always an effective substitute for OH concentrations,

particularly when global radiation is between 0 - 100 W m−2. This substitution is not valid in

locations where there is measurable OH at night, due to production from secondary sources such

as O3 oxidation of alkenes like isoprene. While OH is difficult to measure, effort should be made

to collect more measurements across a variety of environments to assess its contribution to the

H2SO4 population during low-light and nighttime conditions, to help develop proxies that more

accurately account for this nighttime chemistry. In particular, more OH measurements are needed

in the Southern Hemisphere to constrain OH models and improve H2SO4 parameterizations.

75



Chapter 4

Investigating the Factors that Contribute

to Ultrafine Particle Concentrations in

an Eastern Amazonian Rainforest

4.1 Abstract

Measurements of sub-30 nm particles in the Amazon have been reported to occur infrequently,

despite frequent observation of particles in this size range in similar forested locations. In this work

we present measurements of ultrafine (sub-110 nm) particle concentrations made in the Tapajós

National Forest (2.857° S, 54.959° W) from 5 May to 19 July 2014, during the wet-to-dry seasonal

transition. Bursts of sub-30 nm particles occurred on 86 % of the observation days, which is much

more frequent than observations from Central Amazonia. The frequency of particle growth events

that were able to be characterized decreased from May (12 out of 25) through June (8 out of 25) and

July (5 out of 25), as did the concentration of particles in the growth events, while the duration of the

growth period increased. These results are consistent with simultaneous measurements of volatile

organic compounds (VOCs), which suggested increases in isoprene mixing ratios likely suppressed
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particle formation events, and increases in monoterpene mixing ratios likely contributed to the

longer growth times. The concentration of particles 5 - 30 nm in diameter was highest in May, with

the highest concentrations of particles in this size range correlating with the maximum measured

boundary layer height. These suggest that NPF in this region is due to both growing particles

nucleating in the upper troposphere before transport to the surface, as well as atmospheric dilution

contributing to nucleation closer to the surface. Through June and July both the concentration

of particles 5 - 30 nm and their correlation with boundary layer height decrease, indicating that

other mechanisms are responsible for ultrafine particle presence at the site during the drier months

of the year. Characterization of air mass frequency back-trajectories during this period suggest an

increase in aged anthropogenic influence during the transition from May to July, which is supported

by the increase in particles 100 - 110 nm that was observed during this period.

4.2 Introduction

New particle formation (NPF), the process by which atmospheric particles are formed from the

nucleation of molecular clusters, has been readily observed across the globe (Dada et al., 2017;

Kulmala et al., 2013, 2004). This process is the dominant source of ultrafine particles (Dp < 110

nm) in the atmosphere, which can serve as cloud condensation nuclei (CCN), thereby potentially

impacting climate (Dunne et al., 2016; Merikanto et al., 2009; Pierce and Adams, 2009; Spracklen

et al., 2006). Typical NPF events are characterized by a burst of particles appearing between 3 -

10 nm, which grow over time to larger sizes through either condensation of low-volatility vapors

(Ehn et al., 2014) or reactive uptake of volatile gases to form nonvolatile products (Barsanti et al.,

2009; Smith et al., 2010).

Notably, NPF has been rarely observed over the Amazon Basin (Martin et al., 2010). Observations

of particles smaller than 30 nm in diameter are rare in this region (Martin et al., 2010; Rizzo

et al., 2018) and evidence is emerging that NPF largely occurs above the surface. Rizzo et al.

(2018) reported appearances of 20 - 40 nm particles on only 3% of a 749 day observation period
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in the Amazon Basin. Long-term measurements across ∼6 years from the same location reported

appearances of growing particles in this size range on 14% of observation days (Franco et al., 2022).

The majority of observed growth events were associated with downdrafts of air masses from the

upper troposphere (Franco et al., 2022), which is consistent with previous measurements of ultrafine

particles in this region (Fan et al., 2018; Wang et al., 2016). Recent measurements have found

elevated concentrations of ultrafine particles in the free troposphere, indicating that biogenic and

anthropogenic volatile organic compounds (VOCs) are transported to the upper troposphere and

oxidized to nucleate new particles, which continue to grow to diameters larger than 30 nm during

transport down to the surface (Andreae et al., 2018; Fan et al., 2018; Wang et al., 2016; Zhao et al.,

2020).

While these recent studies have provided insight into the formation and growth mechanisms of

particles in the Amazon Basin, accelerating land use and climate change in the Amazon Basin will

likely impact the atmospheric processes in this region (Boisier et al., 2015; Cox et al., 2000; Fu et al.,

2013; Malhi et al., 2008). Recently, intense and widespread droughts have occurred throughout the

Amazon (Erfanian et al., 2017; Jiménez-Muñoz et al., 2016; Lewis et al., 2011; Marengo et al.,

2008). These occurrences are expected to increase in frequency with rising sea surface temperatures

as a result of a warming climate, thus extending the length of the dry season (Boisier et al., 2015;

Fu et al., 2013; Malhi et al., 2008). To better predict the aerosol formation and physico-chemical

properties as a result of these changes, the Tapajós National Forest in the eastern Amazon has been

used as a model forest for the future of the Amazon Basin. Compared to the extensive wet forests

in the Amazon Basin, this location is drier; total rainfall has been measured at 1920 mm yr−1

(Cox et al., 2000). The dry season begins in mid-July and lasts until mid-December, which is about

two months longer than the dry season in the Amazon Basin (Rocha et al., 2009). This region is

also characterized by a significant agricultural land use, which is expected to be the future of the

Amazon Basin (Soares-Filho et al., 2006).

In this study we present measurements of ultrafine particle number-size distributions to address

the lack of particle observations in the eastern Amazon. These measurements were made in the

transition period between the wet to dry seasons from May to July 2014. We observed frequent
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bursts of sub-30 nm particles at the measurement site throughout the observation period. Particle

growth events were characterized to assess impacts of the seasonal changes on their frequency and

growth rates. The number concentration of particle 5 - 30 nm across the measurement period was

analyzed with accompanying VOC and meteorological data to hypothesize the processes leading to

ultrafine particle presence in this location.

4.3 Methods

4.3.1 Site description

These measurements were part of the Tapajós Upwind Forest Flux Study (TUFFS), a small field

campaign from 5 May to 19 July 2014 that focused on measurements of ultrafine particle and

biogenic VOC concentrations to better understand the processes leading to ultrafine particle forma-

tion in the wet-to-dry season transition. Particle measurements were performed at the Santarém-

Km67-Primary Forest (BR-Sa1) tower site in the Tapajós National Forest (2.857° S, 54.959° W),

located about 50 km south of Santarém, Pára state in north central Brazil, near kilometer 67 of

the Santarém-Cuiabá highway (Longo et al., 2018; Saleska et al., 2003). This site is part of the

AmeriFlux and Large-scale Biosphere-Atmosphere Experiment in Amazonia (LBA) networks. The

surrounding forest is classified as primary or "old-growth," and is characterized by an uneven age

distribution and abundant large logs (Saleska, 2019). The instruments were located in a small,

temperature-controlled cottage and the site includes a 64 m tower onto which inlets were attached

to sample VOCs at 64 m and particles at 10 m above ground level. Additional information on the

site and the results from TUFFS measurements of VOCs is presented in Sarkar et al. (2020).

All times are reported in local time, which is 3 hours behind UTC (UTC-3).
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4.3.2 Particle measurements

Particle number-size distributions for particles with electrical mobility diameters 5 - 110 nm across 50

days from 0:00 5 May - 1:30 19 July 2014 were measured using a TSI Model 3085 nano-differential

mobility analyzer (nano-DMA) with a TSI Model 3022A condensation particle counter (CPC).

Growth rates of growing bursts of sub-40 nm particles were estimated following methods outlined

in Dal Maso et al. (2005); Franco et al. (2022). Briefly, particle growth events were identified by

initial appearance of a particle burst with an upper threshold mode diameter of 40 nm and growth

of at least 1 hour during which the total number concentration of particles with diameters below 40

nm exceeded the total number concentration of particles with diameters 41 - 110 nm. The growth

period ended at the time in which the mode diameter in the growing mode did not change for 1

hour, which corresponded in each case to the growing mode converged into the background Aitken

mode (60 nm mode diameter).

4.3.3 Meteorological data

Air temperature and wind speed were measured at the site using a 3D sonic anemometer (Applied

Technologies, Inc., Boulder, CO). During the study, other meteorological data was not collected

due to instrument malfunction and therefore ERA5 reanalysis data from the European Centre for

Medium-Range Weather Forecasts (ECMWF) was used (Hersbach et al., 2018). The ERA5 reanaly-

sis data set combined model data with radar, land station, and satellite observations from across the

globe to provide hourly estimates of surface atmospheric and meteorological estimations. The data

used here has a horizontal resolution of 0.25° latitude by 0.25° longitude. Estimates of wind speed

and temperature were compared to measurements made at the Km67 site and were found to be in

good agreement (within 5 %). Meteorological reanalysis data used in this study include dew point

temperature, from which relative humidity (RH) was calculated using the August-Roche-Magnus

approximation (Alduchov and Eskridge, 1966; August, 1828; Magnus, 1844), atmospheric pressure

(bar), boundary layer height (m), and total rainfall (mm). The boundary layer height was compared

to the cloud base height measured at the Santarém-Maestro Wilson Fonseca Airport, located ap-
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proximately 67 km northeast of the Km67 site, to evaluate the accuracy of the reanalysis data. Six

hour back-trajectory frequency simulations were calculated using the NOAA Hybrid Single-Particle

Lagrangian Integrated Trajectory (HYSPLIT) transport model with GDAS 1◦ meteorology (Rolph

et al., 2017; Stein et al., 2015).

4.4 Results and discussion

Figure 4.1: Meteorological and ultrafine particle concentrations measured during the entire
Tapajós Upwind Forest Flux Study (TUFFS) observation period. Shown here are (a) particle
number-size distribution for particles 5 to 110 nm in diameter; (b) integrated particle number
concentration for particles 5 - 30 nm in diameter (green) and 100 - 110 nm in diameter (gold);
(c) wind direction from 0 - 360◦ (black) and fractional relative humidity (RH); and (d) height
of the boundary layer in meters (red) and rainfall at the site (mm, blue).

As seen in Figure 4.1, nearly every day of the observation period (43 out of 50 days) was charac-

terized by a burst of ultrafine particles appearing with a mode diameter between 15 - 30 nm. The

sudden appearance of 10 - 20 nm diameter particles in NPF events has been noted elsewhere in

the Amazon (Rizzo et al., 2018; Zhou et al., 2002). The observed high event frequency, however,

is in contrast to the measurements reported in Rizzo et al. (2018), which reported observations of

ultrafine particle bursts in Central Amazonia on only 28 % of observation days. While only half
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of the observation days (25 out of 50) had growth events that were able to be characterized using

the method outlined in Section 4.3.2, the frequency of ultrafine particle bursts observed at this site

leads us to hypothesize that the drier conditions found here, combined with its profile of condensable

low-volatility compounds, contributes to more frequent NPF events than observed in the Amazon

Basin during the same time of year. To test this hypothesis, we analyzed measurements of particle

concentrations, VOC mixing ratios, and meteorological data.

During the transition from wet to dry season, the number concentration of particles with diameters

5 - 30 nm (N5-30) decreases from 17.7 ± 3.7 cm−3 in May to 11 ± 0.2 cm−3 in June and 7.4 ± 0.2

cm−3 in July. Uncertainty is represented as a 95 % confidence interval. The number concentration

of particles with diameters 100 - 110 nm (N100-110) increases during this same period (10 ± 0.2

cm−3 in May, 25 ± 0.3 cm−3 in June, 28 ± 0.2 cm−3 in July). This is consistent with previous

measurements of particle number concentrations in the Amazon Basin, which have found higher

concentrations of particles larger than 100 nm in diameter during the dry season (Paper 2) from

increased local pollution and lack of wet deposition in the region (Andreae, 2004; Yamasoe et al.,

2000). Our results indicate that these same phenomena occur in Tapajós during the dry season.

Throughout the measurement period, winds primarily originated from the east, with approximately

76 % of observations presented here corresponding to easterly winds. There was little change in wind

direction measured throughout the observation period, indicating consistent regional influence at

the measurement site. RH showed little change from May (84 ± 2.3 %) to July (82 ± 1.2 %), which

is consistent with previous observations of RH in Central Amazonia during the dry season (Franco

et al., 2022). Despite minimal changes in RH across the wet-to-dry transition period, rainfall during

this period decreased from 0.6 ± 0.2 mm in May to 0.2 ± 0.1 mm in July, which is consistent with

the higher concentration of N100-110 observed during July in this study. The amount of precipitation

measured here is similar to previous measurements from the wet season in Central Amazonia (Franco

et al., 2022; Glicker et al., 2019), which is inconsistent with long-term measurements of rainfall in

Tapajós that reported much lower precipitation levels than in other parts of the Amazon Basin

(Cox et al., 2000). The boundary layer height reported from the reanalysis data was found to be
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in generally good agreement with the cloud base height reported from the Santarém Airport (Fig.

B.1), supporting the use of reanalysis meteorology data in this study.

Table 4.1: Monthly particle growth event characteristics, including average growth rate
and time of growth event, and the frequency of the events observed during the campaign.
Numbers in parentheses represent standard deviations.

Table 4.1 shows that during the measurement period, 25 particle growth events were observed

which fit the growth rate calculation parameters outlined in Section 4.3.2. While bursts of sub-

40 nm particles were observed nearly every day in the observation period, many did not fit the

criteria for growth rate analysis. Of the 25 events observed, 12 occurred in May (48 %), 8 in June

(32 %), and 5 in July (20 %). This trend of decreasing frequency of particle growth events while

N100-110 increases is consistent with similar measurements made in the Amazon Basin north of

Manaus, Brazil (Franco et al., 2022; Rizzo et al., 2018; Wimmer et al., 2018), and provides support

for the hypothesis that increased particle surface area during the dry season suppresses particle

formation and growth (Moran-Zuloaga et al., 2018). Estimates of growth rates varied from May to

July, increasing from an average of 3.6 nm hr−1 to 4.7 nm hr−1. The growth rates measured here

are smaller than those reported from central Amazonia by Franco et al. (2022), suggesting lower

concentrations of condensable gaseous species that can contribute to particle growth in Tapajós

than the Amazon. The average growth time increased over the observation period, from an average

of 8.4 hr in May, 10.1 hr in June, and 10.4 hr in July. While the increase in observed growth time

during this period may be due to consistent wind direction during the growth period (Fig. 4.1),

when considered with the increase in growth rates they suggest higher levels of gaseous species

to grow the particles. June measurements of biogenic volatile organic compound (BVOC) mixing

ratios during TUFFS reported daytime averages (06:00 - 18:00) of monoterpenes were 0.14 ± 0.10

ppb and isoprene was 1.15 ± 0.60 ppb and were strongly correlated with sensible heat flux, which

indicates that biogenic emissions in Tapajós trend with increases in temperature (Sarkar et al.,
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2020). The average temperature increased (not shown) from ∼ 27 ◦C in May to ∼ 29 ◦C in June

and ∼ 31 ◦C in July, which we hypothesize would lead to increases in monoterpene and isoprene

mixing ratios based on the results reported in Sarkar et al. (2020). As monoterpene mixing ratios

increase, they would be oxidized in the atmosphere, likely resulting in more low-volatility species

that can grow ultrafine particles and leading to longer growth times as observed in this study (Fig.

4.1). Increases in monoterpene mixing ratios in the dry season has been previously reported in

Central Amazonia (Alves et al., 2016). Conversely, isoprene emissions have been found to suppress

NPF (Kanawade et al., 2011; Yli-Juuti et al., 2011), which would likely result in fewer particle

formation and growth-type events. Increased isoprene mixing ratios would be consistent with our

observations of decreased particle growth events and concentrations of particles in these events from

May (120 ±15 cm−3) to July (80 ±18 cm−3).

Figure 4.2: Monthly two-hour average diurnal patterns of the number concentration for
particle 5 - 30 nm in diameter (upper row) and boundary layer height (lower row) for (a)
May, (b) June, and (c) July. Yellow shading corresponds to daylight hours.

Of the 25 particle growth events characterized at the site, 18 began between 18:00 - 22:00 local time,

corresponding to the maximum height in the boundary layer average diurnal cycle (Fig. 4.2). A clear

diurnal trend is observable for the boundary layer height for each month of the campaign. Particle

concentrations in the 5 - 30 nm diameter range exhibit a clear diurnal variation during May, which is

observed to a lesser extent in June and July. This can be attributed, at least in part, to the decrease

84



in particle growth events and particle concentrations observed at the site across this period. During

May, N5-30 begins to increase between 8:00 - 10:00 local time, corresponding to two hours after the

boundary layer begins to rise (Fig. 4.2a). The diurnal peak in N5-30 concentration corresponds

to two hours after the peak diurnal height of the boundary layer, suggesting that vertical mixing

might be transporting newly-formed particles from aloft to the surface measurement site, and that

a dilution effect from boundary layer height changes could be contributing to particle formation.

The former is consistent with the hypothesis that new particle formation in the Amazon is initiated

in the upper troposphere by VOCs transported from the surface and oxidized to nucleate new

particles, which then grow during transport to the surface where they appear at diameters between

20 to 40 nm (Andreae et al., 2018; Fan et al., 2018; Franco et al., 2022; Wang et al., 2016), though

additional measurements are needed to confirm this. There is a smaller correlation between N5-30 and

boundary layer height in June and July (Fig. 4.2b and c), indicating that this pathway to forming

new particles is less active during drier times of year, which is also consistent with the decreased

frequency of particle growth events seen in Figure 4.1. Atmospheric dilution due to boundary layer

height increasing, which would likely reduce condensation sink and initiate nucleation, has been

hypothesized to contribute to particle formation in the boreal forest (Hao et al., 2018; Nilsson et al.,

2016) and in urban environments (Minguillón et al., 2015; Rodríguez and Cuevas, 2007), and our

results indicate this could contribute to the ultrafine particles observed at the Km67 site.

To further assess the impact of boundary layer dynamics on ultrafine particle presence at the

measurement site, we plotted the the concentration of N5-30 versus boundary layer height. During

May, there is a clear correlation between the two, as shown in Figure 4.3, where higher N5-30 are

observed at higher boundary layer heights (R2 = 0.82). This correlation decreases throughout the

wet-to-dry transition (June: R2 = 0.45), with no observable trend between the two measurements

in July (R2 = 0.12). These results are consistent with the monthly average diurnal patterns of

N5-30 and the boundary layer height presented in Figure 4.2. Together, they suggest that the

presence of particles between 5 - 30 nm in diameter at the measurement site are tightly linked with

boundary layer dilution in May, which becomes less important to the population of particles in

this size range throughout the transition to the dry season. These results are consistent with those
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Figure 4.3: Total concentration of particles 5 - 30 nm in diameter versus boundary layer
height during (a) May, (b) June, and (c) July.

reported in Franco et al. (2022), which found that ∼70 % of observed particle growth events at a

site in Central Amazonia were associated with convection from the upper troposphere, and ∼30 %

were not, meaning other particle formation mechanisms were likely responsible for the observed

behavior. Rizzo et al. (2018) reported elevated evening concentrations of ultrafine particles over

long-term measurements in the same location that were not connected to downdrafts, and suggested

these particles might be from primary biological emissions, such as as the ruptures and discharge

of fungal spores, a phenomenon that has previously been observed in Amazonia (China et al.,

2016; Elbert et al., 2007). More investigation into mechanisms of particle formation in both Central
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Amazonia and Tapajós are necessary to elucidate the processes leading to observed ultrafine particle

presence at the surface that are not the result of boundary layer dynamics.

Figure 4.4: Total concentration of particles 5 - 30 nm in diameter and measured wind
direction during (a) May, (b) June, and (c) July.

During the entire measurement period, most of the particles in the 5 - 30 nm diameter range were

associated with winds from the east (Fig.4.4), with little variation in wind direction between the

months of study. To the east of the site lies farmland, more tropical forest, and the nearby city of

Santarém, indicating both local anthropogenic and biogenic influence on the formation processes

and therefore composition of particles in this size range. The lack of variation in wind direction

observed during the measurement period, in particular June and July (Fig. 4.1) suggests a regional

shift in predominant wind direction at the measurement site during the transition from wet to dry

season, rather than a consistent source of N5-30 particles east of the measurement site.

To assess the potential for a shift in regional air mass origin during the study, HYSPLIT frequency

back trajectories were calculated for each 12-day portion of the observation period. As seen in

Figure 4.1, all air masses arriving at the site originated from the east, but the difference in source

regions provides insight into the various formation and growth mechanisms responsible for the 5 –

30 nm diameter particles measured at the site. The air mass back trajectories show that air masses

arriving at the site all passed over the nearby city of Santarém, indicating local urban influence

was present at the measurement site throughout the observation period. At the start of the wet-

to-dry season transition, air masses most frequently originated northeast of the measurement site,

with possible influence from the Atlantic Ocean (Fig. 4.5a and b). During the transition from

May to June, air mass origin shifted to east and southeast, passing over the Northeast Coast of
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Figure 4.5: Air mass back-trajectory frequencies calculated using HYSPLIT. For each period
shown, 28 trajectories were used to determine integrated the integrated frequencies over the
12 days of the calculation interval, from 0:00 on the first day to 23:00 on the last day. The
trajectories shown here cover (a) 5 - 16 May; (b) 17 - 28 May; (c) 29 May - 9 June; (d)
10 - 21 June; (e) 22 June - 3 July; (f) 4 - 16 July. The color scale indicates the frequency by
which the air masses pass over a given location; warm colors indicate higher frequency while
cool colors indicate lower frequencies. The dots correspond to the cities of Belém (red), São
Luís (black), and Fortaleza (grey).

Brazil, where several large cities (including Belém, São Luís, and Fortaleza, noted in Figure 4.5) are

located. Air masses arriving at the observation site in July most frequently traveled over this more

densely populated and urban region (Fig. 4.5), with some influence from the Atlantic Ocean as well.

This shift suggests that from May to July, aged anthropogenic influence becomes more prominent

in the Tapajós National Forest, which is consistent with measurements from the Amazon Basin of
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regional influence during the dry season (Andreae et al., 2018; Rizzo et al., 2018; Wang et al., 2016).

Increased aged anthropogenic influence also likely contributes to the increasing N100-110 measured

throughout the observation period.

4.5 Conclusions

We report measurements of sub-110 nm particle size distributions measured from 5 May through

19 July 2014 at the Santarém-Km67-Primary Forest (BR-Sa1) tower site in the Tapajós National

Forest. On nearly every day of the measurement period (43/50) bursts of growing ultrafine particles

were observed at the site, which is a much higher frequency than observed in the better-studied

Central Amazonia, suggesting that in a drier Amazon Basin there might be more ultrafine particles

measured at the surface. Of these events, 25 were able to be characterized as ultrafine particle

growth events. Nearly half were observed in May (12), with decreasing frequency observed in June

(8) and July (5), coinciding with a trend of increasing N100-110 during the same period, which

is consistent with previous measurements from Central Amazonia. Our observations of decreased

particle concentration during the observed growth events during the transition (May: 120 ±15 cm−3;

July: 80 ±18 cm−3) and increased growth time during the same period are consistent with the results

of Sarkar et al. (2020), suggesting that an increase in monoterpene mixing ratios likely contributed

to the increased growth time observed in July, and an increase in isoprene likely suppressed particle

formation event frequency, as observed in July.

The concentrations of particles 5 - 30 nm in diameter was highest in May, with concentrations

decreasing into June and July. The peak concentration in May corresponded to 2 hours after the

boundary layer reached its peak diurnal height (Fig. 4.2), which is consistent with particle formation

observed in May due to boundary layer dynamics. This is consistent with the hypothesis that NPF in

the Amazon is due to oxidation of VOCs transported from ground-level into the upper troposphere

where nucleation occur and growth occurs, with growth continuing during downwelling air mass

transport to the surface. It is also consistent with measurements from urban and forested locations
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that suggested atmospheric dilution of existing particle surface area increased particle nucleation.

The number of 5 - 30 nm particles in May exhibited an increasing linear trend with boundary

layer height (Fig. 4.3), further supporting the hypothesis that both of these processes contribute

to the ultrafine particles observed during this month. A smaller correlation between boundary

layer height and sub-30 nm particle concentration was observed in June and none was observed in

July, suggesting that the impact of boundary layer dynamics on particle formation becomes less

important in this region during the dry season. HYSPLIT frequency back trajectories showed a

regional shift in air mass origin during this period, with air masses most frequently originating

northeast of the site (over the Atlantic Ocean) in May and moving to southeast of the site (over

the populated Northern Coast of Brazil) by July. This shift is likely accompanied by an increased

aged anthropogenic influence at the measurement site, which contributes to the increased N100-110

observed during the growth events in June and July.

If the current hypothesis that the Tapajós National Forest is indeed representative of the changing

Amazon Basin, then these results can be used to predict the frequency of ultrafine particle bursts in

this region. Our results suggest that as a tropical rainforest becomes drier due to changing climate,

there will continue to be particle formation in the upper troposphere resulting in 20 to 40 nm

particles appearing at the surface, though this will be observed largely during the wet season.

During the transition to a longer dry season, more formation events and bursts of ultrafine particles

will be observed at the surface, likely as the result of different formation mechanisms.
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Chapter 5

Conclusions and Future Perspectives

5.1 Conclusions

We have measured ambient and newly-formed ultrafine particle number-size distributions and

H2SO4 in two remote environments: the Arctic and the Amazon Basin. Through accompanying

indirect measurements of particle composition and meteorology as well as analyses of air mass back-

trajectories, we have gained important insights into the processes that led to the particle growth

events. This thesis includes many new observations. We have reported the first indirect measure-

ments of sub-500 nm particle size-resolved composition in Utqiagvik, Alaska during the winter, the

first measurements of H2SO4 from the Amazon Basin and the first evaluation of existing H2SO4

parameterizations using Southern Hemisphere data. Additionally, we report the first measurements

of ultrafine particle number-size distributions from the Km67 site in the Tapajós National Forest

to probe the mechanisms responsible for particle formation in this drier Amazonian rainforest.

In the first study included in this thesis, we performed indirect measurements of ultrafine particle

composition in Utqiagvik, Alaska during March 2009. During a five-day background period, where

influence at the measurement site from local emissions were minimized, hygroscopic growth factors

(HGFs) of size-selected ultrafine particles ranged from 1.45 to 1.51 at 90 % RH. These moderately-
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hygroscopic particles were also measured to be relatively volatile. Using both the hygroscopicity and

volatility data, we estimated that the measured particulate volume was ∼ 70 % oxidized organic

species and ∼ 30 % ammoniated sulfates, assuming that the HGFs are additive. Two distinct

ultrafine particle growth events were observed at the site, also during a period where local pollutant

influence was minimal. Event 1 coincided with solar radiation and heightened concentrations of

H2SO4 at the site while the Event 2 did not, suggesting different formation mechanisms between

the two. An analysis of the contribution of H2SO4 to growth concluded that sulfuric acid contributed

to 22 % of the observed volumetric growth in Event 1 and did not contribute significantly to the

growth in Event 2. Particles in Event 1 were very hygroscopic (HGF = 2.1 for 35 nm particles)

but were largely volatilized at 160 ◦C, suggesting they were comprised of a highly hygroscopic but

volatile salts. Event 2 particles were similarly volatile, but slightly less hygroscopic (HGF = 1.67

for 15 nm and 1.94 for 35 nm). HYSPLIT air mass back-trajectories showed that while both events

originated over the Arctic Ocean, Event 1 was influenced by the upper marine boundary layer (200

- 350 m AGL), and Event 2 air masses were closer to the surface (50 - 150 m AGL) and passed over

open ocean leads, suggesting marine influence on the particle composition in Event 2. Combining

these data, we estimated that 35 nm particle volume in Event 1 was comprised of largely of a

highly hygroscopic and volatile sea salt-like species (74 %) and H2SO4 (22 %), with a small amount

of oxidized organic species (4 %). Particles in Event 2 were also mainly comprised of this still

unknown sea salt-like species (15 nm: 63 %; 35 nm: 74 %), with a larger contribution from oxidized

organics than Event 1 (15 nm: 37 %; 35 nm: 26 %). We also showed that there are differences in

the composition between background and newly-formed particles, and that a low-volatility, highly-

hygroscopic primary marine species similar to sea salt may play an important role in initiating

particle formation in the Arctic during the late-winter.

The second part of this thesis reported the first measurements of H2SO4 in the Amazon Basin and

investigated the efficiency of existing H2SO4 parameterizations in this region. Median concentra-

tions differed little between the wet (7.82x105 molec cm−3) and dry seasons (2.59x105 molec cm−3),

from which we can conclude that seasonal changes affected H2SO4 minimally at this Amazon Basin

site during the observation period. Interestingly, H2SO4 displayed little diurnal variation and no
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correlation with radiation, which is in contrast to measurements reported from a variety of loca-

tions in the Northern Hemisphere. This indicates that photochemical production of H2SO4 from

the oxidation of SO2 by OH is not the only source in this region and a production pathway that

is not radiation-dependent is contributing to the measured H2SO4. A variety of existing H2SO4

proxies were tested, all of which had been developed using measurements from the Northern Hemi-

sphere. The best predictive proxy was the modified "boreal proxy" reported in Dada et al. (2020),

in which we substituted radiation for measured OH. The unmodified parameterization was the only

radiation-based proxy to include nighttime estimates of H2SO4. This proxy underestimated night-

time concentrations, likely due to the exclusion of SO2 oxidation by OH which we hypothesize to be

active in the absence of solar radiation. The proxy results indicate that both this pathway and the

sCI pathway contribute to H2SO4 during daytime and under low-light and nighttime periods in the

Amazon Basin. This pathway is not included in any existing parameterizations. Regional differ-

ences in OH production are not currently considered in H2SO4 proxies, which contributes to their

inefficiency at predicting H2SO4 under low-light conditions. None of the existing parameterizations

effectively estimated H2SO4 at night, demonstrating the need for measurements of H2SO4 and its

precursors from the Southern Hemisphere to develop a robust general proxy. We also note that

all existing parameterizations include SO2 as the only sulfur-containing H2SO4 precursor, which

likely results in underestimations in regions like the Amazon Basin, where species such as hydrogen

sulfide, dimethylsulfide, and methylmercaptan have all been measured.

In the third study of this thesis, we reported measurements of sub-110 nm particle number-size

distributions made in the Tapajós National Forest, Brazil from May through July 2014 to assess

the processes contributing to ultrafine particle presence in this forest during the transition from the

wet to dry season. We observed bursts of sub-40 nm particles at the site on 86 % of days during the

measurement period, which is much higher than measurements reported from Central Amazonia.

Since Tapajós is thought to be a model forest for the future, drier Amazon, this suggests that

ultrafine particles might be observed more frequently in the Amazon Basin as climate continues to

warm. Despite particle bursts appearing frequently throughout the measurement period, particle

growth events decreased in frequency throughout the measurement period, likely due in part to
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the increased particle surface area during this time. The number concentration of particles 5 to

30 nm in diameter was highest in May (17.7 ± 3.7 cm−3) and decreased consistently through June

(11 ± 0.2 cm−3) and July (7.4 ± 0.2 cm−3) (uncertainty represented as 95 % confidence interval),

while condensation sink increased during that period, as indicated by the increase in particles 100

to 110 nm in diameter. The number concentration of 5 - 30 nm diameter particles was linearly

correlated with boundary layer height during May, which decreased in June and no trend was

observed between the two in July. This indicates that particle formation is connected to boundary

layer dynamics during May, while other particle formation mechanisms become more important

during the transition to the dry season. HYSPLIT back trajectory frequency calculations showed a

regional shift in air mass origin from the Atlantic Ocean in May to the populated Northern Coast

of Brazil in July. This change suggests more aged anthropogenic influence at the site during the

dry season, likely contributing to the higher condensation sink and fewer particle growth events

measured during July.

5.2 Future Work

Future work in understanding the processes contributing to atmospheric ultrafine particle formation

in remote environments should focus on making additional continuous, long-term measurements in

these locations. Specific focus should be placed on performing measurements of ultrafine particle

composition and measurements of trace gas particle precursors to better understand the complex

processes leading to NPF and growth across diverse environments. These measurements are often

difficult to sustain continuously. All of the measurements reported in this thesis were accompanied

by significant challenges that included lack of power, extreme ambient temperature and/or humidity,

and accessibility.

In the Arctic, measurements of ultrafine particle formation and size-resolved composition are largely

missing. This thesis reports the first indirect measurements of the chemical composition of ultra-

fine particles in Utqiagvik. The majority of winter and spring studies in the Arctic to-date focus
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on either measurements bulk aerosol physico-chemical properties and composition. While this can

provide some insights into the formation processes of ultrafine particles, these techniques do not

provide specific composition information for nanoparticles. NPF in the Arctic winter was previously

hypothesized to occur very minimally, but this thesis and other recent work has not supported this

hypothesis. Direct measurements of ultrafine particle composition, with a specific focus on newly-

formed and growing particles during winter and spring, are necessary to better understand the

mechanisms responsible for NPF during this time of year. In this sensitive region, new particle for-

mation can contribute significantly to CCN concentrations, meaning the frequency of these events

can greatly impact radiative forcing in the region. Year-round measurements of particle number-size

distributions and ultrafine particle composition can help answer the following questions: how fre-

quently does NPF occur in the Arctic winter and spring? Do the mechanisms for particle formation

and growth exhibit seasonality? Additional measurements of particle hygroscopicity can provide a

better understanding of the CCN potential of these newly-formed particles in the region. Combined

with further measurements of size-resolved particle volatility, these could help identify the unknown

sea salt-like substance that was measured in the ultrafine particle growth events reported in Chapter

2. Most measurements of newly-formed particles in the Arctic have focused on the Canadian and

Scandinavian Arctic, and have been performed in the summer and fall. Expanding field studies to

include the Alaskan Arctic, as well as temporally to winter and spring, will further provide a more

complete picture of the frequency of NPF and processes responsible for this phenomenon throughout

the year.

To better understand how H2SO4 contributes to particle formation and growth in remote environ-

ments, measurements of its concentration and the concentration of its precursors are needed from

across the world, with a specific focus on the Southern Hemisphere. As has been shown in this thesis

and other works, taking measurements made in one environment and trying to apply knowledge

gained about that location to others does not accurately capture the site-specific processes that

dictate atmospheric particle formation, and thus their impacts on climate. Despite the challenges

of measuring OH, the assumption that it is only relevant during daytime hours is one that cannot

be extended to a variety of locations, making measurements of OH necessary to better understand
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its diverse formation processes across a variety of locations. Additional focus should also be placed

on determining the relative contribution of the stabilized Criegee intermediate pathway to H2SO4

formation during both day and night across the globe, as well as other sources of H2SO4 besides

SO2. Together, these measurements can address the following questions: to what extent does H2SO4

exhibit a diurnal trend across diverse remote locations? Does the OH oxidation of SO2 contribute

substantially to measured H2SO4 at night in locations besides the Amazon? Does including nonSO2

gaseous H2SO4 precursors in parameterizations improve estimates? What are the relative contri-

butions of this pathway and the stabilized Criegee intermediate pathway to H2SO4 levels in other

remote locations? Efforts to further elucidate the complex formation chemistry of H2SO4 can pro-

vide additional insight into the formation and growth mechanisms for ultrafine particles in remote

environments.

With regards to improved understanding of the processes leading to particle formation in the Ama-

zon, long-term measurements of particle number-size distributions and ultrafine particle composition

are needed from a variety of sites around the region. Intensive-field operation experiments are valu-

able opportunities to gain significant amounts of information over a short period, but are subject

to bias by atypical regional conditions that long-term measurements would likely capture. Most of

the long-term measurements from the Amazon have been performed at a single location, and have

not focused specifically on ultrafine particle composition or measurements of precursor trace gases.

Performing long-term measurements at a variety of sites could help answer the following questions:

what are the specific mechanisms of particle formation that have been previously connected to

boundary layer dynamics? In addition to particle formation in the upper troposphere, what other

mechanisms of NPF are responsible for ultrafine particles in the Amazon? To what extent do these

mechanisms contribute during the wet, dry, and transition seasons? How might these processes

change with climate change? Without more observation sites and long-term measurements of par-

ticle size and composition, it is difficult to predict how these will change in an increasingly dry

and anthropogenically-influenced Amazonia. Measurements made in the Tapajós National Forest

should be continued, with a specific focus on the chemical species and meteorological parameters

that contribute to particle formation.
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A.1 Particle size distributions

Particle number size distributions measured during the observation period are shown in Figure A.1

for particles with electrical mobility diameters 10 - 496 nm (5 - 16 February) and 11 - 460 nm

(rest of campaign). Estimations of condensation sink were made from these measurements for the

particle sizes measured during the entire campaign - (11 - 460 nm) using the method described in

Kulmala et al. (2001) and Kulmala et al. (2012). Consistent with previous observations of increased

accumulation mode particles (0.1 - 2.5 µm) during the dry season (IOP 2), higher concentrations

in this size range are evident in Figure A.1b.

A.2 Comparison of Radiation with sulfuric acid and hy-

droxyl radical

To determine the pseudo rate constant k′ for Proxy 2, we determined the linear fit between measured

H2SO4 and the product of SO2, global radiation, and CS−1 for the entire observation period (Fig.
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Figure A.1: Particle number size distributions measured during IOP 1 (a) and IOP 2 (b).
Note the time jump (2/19 to 3/5) on the IOP 1 time axis. Areas with white boxes represent
periods where the instrument was not functioning properly.

A.2). The value of k′ was found to be 2.43 x 10−10 m2 s1 W−1. A poor correlation (R2 = 0.59) was

observed between the measured and estimated values, largely from the IOP 2 data.

Figure A.2: Measurements of H2SO4 for the entire observation period plotted against the
product of SO2, global radiation, and CS−1 to determine the pseudo rate constant k′ for use
in Proxy 2 (Fig. 2b). The line represents the linear fit to determine k′.

During both IOPs, but particularly IOP 2, there are many measurements of H2SO4 and OH when

there is no radiation (GlobRad = 0) (Fig. A.3), which can explain the poor correlation seen in

Figure A.2. These illustrate why Proxy 2 (Fig. 2b) does such a poor job estimating H2SO4, and

why substituting radiation for OH can lead to order of magnitude underestimations.
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Figure A.3: Comparison between measurements of (a) H2SO4 and (b) OH with global ra-
diation. Note that there are numerous measurements of both species when global radiation
was 0 W m−2.

We also tested the best predictive proxy reported in Petäjä et al. (2009) (Fig. A.4), which is very

similar to Proxy 2 of this work. They only differ in the value of k′ used in the estimation, which

reflects the dependency of the proxy on radiation. While this proxy has improved estimations

compared to Proxy 2, it still tends to underestimate measured H2SO4, particularly for IOP 2.

Figure A.4: Estimated concentrations of sulfuric acid from the best predictive proxy reported
in Petäjä et al. (2009) versus measured concentrations. Data from IOP 1 is plotted as boxes
and data from IOP 2 is plotted as crosses. The 1:1 line is plotted to guide the eye. The fit
line represents the fit between the measured and proxy-estimated values of sulfuric acid.
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A.3 Analysis of alkene concentration for Proxy 4

To determine if Proxy 4 would give a better nighttime estimate of H2SO4 if more alkenes were

included in this proxy, we determined estimations using the combined concentrations of isoprene

and monoterpene as the Alkene term. These results show there is minimal difference between the

two estimations (Figs. A.5 and A.6), supporting the hypothesis that OH oxidation of SO2 is also

contributing to nighttime H2SO4 in this region.

Figure A.5: Estimations of sulfuric acid from Proxy 4 versus measured concentrations. Green
points are estimates made only using the concentration of isoprene as the alkene term, and
gray points used the combined concentration of isoprene and monoterpenes. Data from
IOP 1 is plotted as boxes and data from IOP 2 is plotted as crosses. The 1:1 line is plotted
to guide the eye. The fit line represents the fit between the measured and proxy-estimated
values of sulfuric acid.
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Figure A.6: Two-hour averaged diurnal variation of the median sulfuric acid measurements
(red), and estimations from Proxy 4 made using only isoprene concentrations (green), and
using the combined isoprene and monoterpene concentrations (gray). Daylight hours: 08:00
- 22:00 UTC.
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Meteorological data from the Santarém-Maestro Wilson Fonseca Airport was compared to reanal-

ysis data from European Centre for Medium-Range Weather Forecasts (ECMWF) to evaluate the

accuracy of the ECMWF data (Fig. B.1). The high correlation between the two measurements

(R2 = 0.76) supports the use of reanalysis meteorology data for the Km67 site. Though we note the

two datasets do not have a 1:1 correlation, the observed agreement between the two measurements

still supports the use of reanalysis meteorology data in this study.

134



Figure B.1: Reanalysis boundary layer height (m) versus cloud base height (m) reported
from the Santarém Airport (R2 = 0.76). The 1-1 line is plotted in black to guide the eye.
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