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Abstract 
 

Atmospheric aerosol particles impact climate through scattering or absorbing solar 

radiation, altering surface albedo upon deposition, and aiding in cloud formation. These climate 

effects depend on the physical and chemical properties of individual particles, including chemical 

composition, size, phase, and morphology (physicochemical mixing state). In the Arctic, 

atmospheric particles play a key role in climate processes in the drastically changing region, but 

Arctic aerosol physicochemical mixing state is not well constrained. Large knowledge gaps remain 

in understanding the sources and composition of Arctic aerosol, as there is a lack of single particle 

measurements, particularly across seasons (including fall – winter) and throughout the region 

(especially the high Arctic). In this dissertation, the physicochemical properties of individual 

particles were examined at multiple Arctic locations (Bering Strait, Chukchi Sea, coastal Beaufort 

Sea, and high Arctic Ocean) and during different seasons (winter – spring and summer). The results 

of this work will increase understanding of Arctic aerosol sources and composition across scales, 

which is critical to predicting aerosol composition and climate-relevant properties in a New Arctic. 

Sea spray aerosol (SSA) contributes the largest global flux of particles to the atmosphere, 

and is therefore an important climate driver, particularly in remote regions, including the Arctic. 

Laboratory-based sea spray aerosol generation experiments were conducted to evaluate the 

impacts of seawater temperature, salinity, and marine biology on SSA production and composition 

in cold environments. These results showed that temperature was as important as biology for 

controlling SSA production, and organic enrichment was observed in individual SSA particles, 

indicative of marine organics being transferred to the particle phase.  

To investigate the role of SSA in the ambient Arctic environment, atmospheric particles 

were collected during wintertime in the Alaskan Arctic. SSA was a major fraction of the observed 

aerosol number, demonstrating that sea ice fractures are a source of wintertime aerosol. Further 

analysis of the wintertime SSA showed a major organic component in the SSA particles, with 

organic carbon coatings consisting of saccharides, amino acids, and fatty acids. These compounds 

are derived from exopolymeric substances (EPS) associated with biologically productive sea ice. 



 xvii 

Greater SSA organic enrichment was observed in winter than in summer, suggesting a unique, 

previously unidentified source of SSA organics from sea ice algae EPS during winter. Motivated 

by this work in the wintertime Alaskan Arctic, both ambient and laboratory-generated SSA 

particles were collected during summer in the high Arctic. SSA production from open leads was 

observed under high wind conditions, and organic enrichment was observed in both lab-generated 

and ambient individual SSA particles. Saccharides and fatty acids were identified as the dominant 

organic compounds present in SSA particles, derived from EPS and marine organics. 

Atmospheric particle samples were collected in the summertime Alaskan Arctic to 

investigate the impacts of sea ice loss and increasing development. Samples in the Bering Strait 

demonstrated great anthropogenic influence. Within the Chukchi Sea, samples were mainly 

influenced by marine biogenic sources. On the North Slope of Alaska during summer, ammonium 

sulfate particles demonstrating unique phase and morphology were observed. Organic coatings 

observed on the particles may play a role in inducing phase changes not previously predicted in 

the ambient atmosphere. Through these studies, we have gained a greater understanding of the 

climate-relevant complex atmospheric chemistry and aerosol physicochemical mixing state in the 

Arctic occurring under changing conditions and with evolving aerosol sources.
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 Introduction 
 

1.1 Characteristics and Impacts of Atmospheric Aerosols 

An aerosol is a suspension of a liquid or solid particle in a gas (e.g. air) (Pöschl, 2005). 

Aerosol particles, or particulate matter, can range in size from ~1 nm to ~100 µm in diameter, 

comprising a nucleation mode (<10 nm), Aitken mode (~10 – 100 nm), accumulation mode (~100 

– 1000 nm), and coarse mode (> 1 µm) (Seinfeld and Pandis, 2012). Aerosol particles come from 

a diversity of natural and anthropogenic sources, with complex chemical composition (Pöschl, 

2005). Aerosol particles can be primary, directly emitted to the atmosphere as solid or liquid 

particles, or secondary particles, formed by the oxidation and condensation of atmospheric gases 

(Pöschl, 2005). These particles impact air quality, human health, and climate, with the magnitude 

of these impacts dependent on particle size and chemical composition (Pöschl, 2005). These 

properties also determine particle atmospheric lifetime and the likelihood of particles to participate 

in atmospheric chemical reactions (Seinfeld and Pandis, 2012).  

1.1.1 Aerosol Impacts on Climate 

 Aerosol particles impact climate directly by scattering or absorbing solar radiation, and 

indirectly by modifying cloud formation, properties, and lifetime, and altering snow albedo 

(Pöschl, 2005). Total aerosol particle contributions to radiative forcing comprise both the direct 

and indirect effects, but these contributions represent the largest source of uncertainty in global 

radiative forcing predictions, due to the complex and dynamic nature of aerosol composition, 

sources and atmospheric fluxes, spatial variability, and transformations in the atmosphere 

(Boucher et al., 2013). Through the direct effect, aerosol particles either absorb or scatter incident 

solar radiation, dependent on chemical composition (Pöschl, 2005). For example, soot absorbs 

solar radiation, leading to a warming effect, while sulfate particles scatter radiation, leading to a 

cooling effect (Pöschl, 2005). Through the indirect effect, particles impact cloud formation by 

acting as cloud condensation nuclei (CCN) or ice nucleating particles (INP), in turn impacting 

cloud brightness and lifetime (Andreae and Rosenfeld, 2008; Pöschl, 2005). Aerosol indirect 



 2 

effects depend on particle concentration, size, and chemical composition. Typically, >100 nm 

diameter particles will be efficient CCN at lower water vapor saturation than <100 nm particles 

(Andreae and Rosenfeld, 2008). With higher particle number concentrations, a greater number of 

smaller cloud droplets are formed, resulting in higher albedo, more reflective clouds, and increased 

cloud lifetime due to decreased  precipitation efficiency (Lohmann and Leck, 2005; Pöschl, 2005). 

Particle impacts on clouds are also dependent on chemical composition, with hygroscopic sea salt 

particles readily taking up water and acting as efficient CCN, while particles comprised of less 

hygroscopic material, such as organic carbon, will not efficiently form cloud droplets (Seinfeld 

and Pandis, 2012). Ice nucleation, through deposition nucleation, immersion freezing, 

condensation freezing, contact freezing, or inside-out evaporation freezing, is also dependent on 

particle morphology (porous or nonporous, crystalline or amorphous), phase (soluble or insoluble) 

and composition (Kanji et al., 2017). Particles that can readily act as INP include mineral dust and 

primary biological particles (e.g. pollen, spores, and bacteria), and in some cases, soot (Kanji et 

al., 2017; Murray et al., 2012). Generally, organic carbon and sulfate impede INP activity (Andreae 

and Rosenfeld, 2008). 

1.1.2 Aerosol Mixing State 

Many physical properties of particles relevant for climate impacts, including viscosity, 

phase, reactivity, hygroscopicity, and optical properties, depend on the chemical composition of 

the particles. The diversity of aerosol sources, in addition to atmospheric processing, can result in 

complex particle composition with hundreds to thousands of different compounds present (Prather 

et al., 2008; Riemer et al., 2019). Aerosol mixing state describes the distribution of chemical 

species within an aerosol population, considering both inter- and intraparticle variability (Riemer 

et al., 2019). An aerosol population is externally mixed if each particle only contains one chemical 

species (e.g. ammonium sulfate, soot, or organic carbon), while a fully internally mixed aerosol 

population would have the same chemical species present in the same relative abundance in all 

particles (e.g. all particles contain the same amounts of organic carbon and soot) (Fig. 1.1) (Ault 

and Axson, 2017; Riemer et al., 2019). In reality, ambient aerosol populations have more complex 

mixing states, varying with particle size, altitude, and atmospheric lifetime, with more internal 

mixing observed under stagnant conditions, during pollution events, and with transport away from 

aerosol sources (Riemer et al., 2019). The physical properties of ambient particles also vary 

throughout an aerosol population, which can be described by considering the physicochemical 
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mixing state (Ault and Axson, 2017; Riemer et al., 2019).  For example, freshly emitted sea spray 

aerosol is a complex mixture of inorganic salts coated with marine organics (Quinn et al., 2015), 

and atmospheric reactions with nitrogen- and sulfur-containing gases contribute secondary species 

to the particles (Gard et al., 1998), demonstrating a complex, dynamic mixing state. Secondary 

organic aerosol, formed by the oxidation and condensation of volatile organic compounds, may be 

a complex mixture of different organic compounds, and become internally mixed with ammonium 

sulfate particles, resulting in particles with complex morphology, phase, and composition 

(Shiraiwa et al., 2013). Despite the important implications of mixing state for aerosol impacts on 

climate, few direct measurements of aerosol mixing state exist, since this requires the measurement 

of individual particles, which is not commonplace. In particular, Arctic aerosol mixing state 

variability with season and region is not well understood (Willis et al., 2018), particularly in the 

high Arctic (Leck and Svensson, 2015; Sierau et al., 2014) and during winter-spring in the coastal 

Arctic (Hara, 2003; Hara et al., 2002b; Weinbruch et al., 2012). 
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Figure 1.1 Representations of particle composition with increasing complexity and detail. 
Chemical mixing state provides information on primary versus secondary components, but does 
not provide spatial information or other physical properties. Physicochemical mixing state 
provides both chemical detail and spatial information or physical properties. Note that the locations 
of the colors in the chemical mixing state particles are not meant to convey spatial distribution, 
only the presence of both primary and secondary components. Reprinted with permission from 
Ault, A. P.; Axson, J. L. Atmospheric Aerosol Chemistry: Spectroscopic and Microscopic 
Advances. Analytical Chemistry 2017, 89 (1), 430–452. 
https://doi.org/10.1021/acs.analchem.6b04670. Copyright (2017) American Chemical Society. 

1.2 The Changing Arctic Environment 

 The Arctic region is experiencing drastic transformations as a result of climate change. The 

Arctic is currently warming at twice the average global rate (Holland and Bitz, 2003; Serreze and 

Barry, 2011), with dramatic changes to tundra permafrost, sea ice, and atmospheric conditions. 

Sea ice is rapidly declining across the region, with the 10 lowest years of sea ice extent occurring 

within the last 12 years (Gautier, 2018). Based on current trends, completely ice-free summers are 

predicted by 2050, with some models predicting a lack of summer sea ice as early as 2030 

(Overland and Wang, 2013). In addition to declining summer sea ice extent, many regions of the 

Arctic are experiencing delayed fall freeze-up (Beitler, 2017). This delay has been particularly 
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pronounced in coastal regions of the Bering, Chukchi, and Beaufort Seas in the Alaskan Arctic, in 

addition to the Greenland Sea and European Arctic Ocean, with these regions experiencing greater 

than 40 days delayed freeze-up in the most recent years, compared to the 1979 – 2017 average 

(Vizcarra, 2018). Declining summer ice extent and delayed fall freeze results in less sea ice 

surviving each year to transition from first year ice to multiyear ice (Stroeve et al., 2014). Multiyear 

sea ice is stronger and thicker, with the oldest ice several meters thick (Maslanik et al., 2011). The 

relative fraction of multiyear sea ice has rapidly decreased, previously comprising the majority of 

sea ice in the Arctic (Maslanik et al., 2011), but reduced to less than 10 – 15 % of the sea ice extent 

this year (Meier, 2019). This multiyear ice has been replaced with first year ice, which is thinner 

(less than 1 m thick) and more prone to fracturing (Stroeve et al., 2012). Fracturing of sea ice forms 

open leads, or areas of open water surrounded by sea ice (Stroeve et al., 2012). These open leads 

can range in width from <500 m to >20 km (Wernecke and Kaleschke, 2015), with large leads or 

polynyas persistent in many coastal areas, including off the coast of Utqiaġvik, Alaska (Hirano et 

al., 2018; Jones et al., 2016). Not only do increasing open leads change the landscape of the Arctic 

Ocean, these areas of open water change the surface albedo (Serreze and Barry, 2011; Stroeve et 

al., 2014). Open water is relatively darker than the bright sea ice surface, and therefore absorbs 

more incident sunlight, warming and melting the surrounding sea ice.  

 Declining Arctic sea ice and increasing open water is also contributing to the increasing 

development in the Arctic region. Shipping activity is expected to continue to increase in the region 

as sea ice declines and Arctic sea routes become available (Dalsøren et al., 2007; Roiger et al., 

2015). The Bering Strait is one of the busiest shipping lanes in the world and is the entry to the 

Northern Sea Route and the Northwest Passage (Huntington et al., 2015). In addition, the Arctic 

is a region of increasing oil and gas development, as the Arctic shelf holds 13% of the world’s 

undiscovered oil and 30% of natural gas reserves (Gautier et al., 2009). Coastal oil and gas activity 

is already prominent in the Alaskan Arctic, Norwegian Arctic, and Russian Arctic, and offshore 

exploration and resource extraction is predicted to continue to increase as sea ice decline provides 

access to new areas (Dalsøren et al., 2007; Ødemark et al., 2012; Peters et al., 2011; Roiger et al., 

2015).  
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1.3 Sources and Characteristics of Arctic Aerosols 

1.3.1 Seasonal Changes in Aerosol Sources and Composition 

 In the Arctic region, aerosol sources and composition vary with a seasonal cycle driven by 

sea ice and meteorological conditions. The greatest aerosol concentrations occur in the late winter 

and springtime, with influence of long-range transported pollution resulting in Arctic haze, 

comprised of sulfate, organic carbon, ammonium, nitrate, soot, dust, and trace metals (Myhre et 

al., 2007; Quinn et al., 2002). Springtime Arctic haze season occurs due to stronger transport from 

the midlatitudes during late winter – spring and weaker wet deposition, in addition to increased 

photochemistry after polar sunrise (Willis et al., 2018). During the summer and fall, with decreased 

sea ice extent and greater open ocean, sea spray aerosol and biogenic marine sources dominate 

(Quinn et al., 2002). The aerosol size distribution also changes seasonally, with a prevalent 

accumulation mode present in the spring, while <100 nm particles dominate in the summertime 

(Willis et al., 2018). Springtime Arctic haze dramatically reduces visibility, impacts the radiative 

budget in the Arctic, and is a large source of pollution to the region; therefore, the phenomenon 

has been an area of focused study (Law and Stohl, 2007; Myhre et al., 2007). However, Arctic 

aerosol composition in other seasons, particularly fall – winter, has not been well characterized, 

despite importance for cloud formation and longwave radiative forcing (Willis et al., 2018).  

1.3.2 Sea Spray Aerosol 

 Sea spray aerosol (SSA) contributes the largest global aerosol flux to the troposphere (De 

Leeuw et al., 2011). In open water, SSA is produced by wavebreaking, which entrains air and 

forms bubbles that rise to the ocean surface and burst, producing jet drops and film drops (Quinn 

et al., 2015). These drops then evaporate to form aerosol, with film drops contributing to a ~100 

nm SSA mode and jet drops contributing to a ~1-2 µm SSA mode (Quinn et al., 2015). Recent 

work has shown jet drops from smaller bubbles also contribute to the submicron SSA mode (Wang 

et al., 2017b). SSA production is influenced by factors including seawater temperature (Forestieri 

et al., 2018; Hultin et al., 2010; Salter et al., 2014; Schwier et al., 2017; Zábori et al., 2012), salinity 

(Hultin et al., 2010; Zábori et al., 2012), and biological activity (Alpert et al., 2015; Fuentes et al., 

2010b; Hultin et al., 2010; Keene et al., 2017), but the magnitude and direction of these effects 

remains uncertain. SSA particles are primarily comprised of inorganic salts reflecting the 

composition of seawater, but can also contain organics that are enriched in the surface microlayer 
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(SML) or scavenged as bubbles rise through the water column (Quinn et al., 2015). Particle 

composition is size dependent, with greater organic enrichment in submicron film drop – derived 

particles, while supermicron particles contain primarily inorganic salts. Therefore, SSA organic 

composition is influenced by marine biology and the organic carbon pool (Quinn et al., 2014). 

Marine microorganisms also contribute to atmospheric chemistry by emitting dimethyl sulfide 

(DMS) and biogenic volatile organic compounds (BVOCs) (Engel et al., 2017). These trace gases 

can undergo oxidation reactions in the atmosphere to form secondary aerosol, including DMS 

oxidation to sulfuric acid and methanesulfonic acid (MSA).   

In the Arctic, SSA is produced from open leads under high wind conditions (Leck et al., 

2002; Nilsson et al., 2001), with a flux ~10 times smaller than from open water due to the reduced 

fetch, the distance over open water over which the wind blows (Nilsson et al., 2001). The size and 

number of open leads across the Arctic Ocean is uncertain (Wernecke and Kaleschke, 2015), but 

in some coastal regions, large leads or polynyas are persistent year-round (Hirano et al., 2018; 

Jones et al., 2016). In the Alaskan Arctic, SSA from open leads has been shown to be a significant 

aerosol source in all seasons (May et al., 2016b). Arctic sea ice leads are also greatly influenced 

by sea ice algae and bacteria (Vancoppenolle et al., 2013). These microorganisms can form 

massive algal blooms underneath and at the edges of ice (Assmy et al., 2017; Leu et al., 2015), 

contributing to organic enrichment in the SML (Galgani et al., 2016a; Gao et al., 2012), and 

producing DMS (Matrai et al., 2008; Vancoppenolle et al., 2013). SSA may be a particularly 

important aerosol source in the high Arctic, a CCN-limited regime with few local aerosol sources 

(Mauritsen et al., 2011). SSA, comprised of hygroscopic salts, are typically efficient CCN (Quinn 

et al., 2015), though organic material may reduce SSA hygroscopicity and CCN activity (Cochran 

et al., 2016; Collins et al., 2013). As a warming Arctic with declining sea ice results in greater 

open water and increasing SSA production (Struthers et al., 2011), as well as increasing biological 

productivity (Arrigo and van Dijken, 2015; Yool et al., 2015), there may be complex sea ice – 

aerosol – cloud feedbacks, impacting the rapidly changing climate in the region.  

1.3.3 Local Anthropogenic Aerosol Sources 

 Increasing development in the Arctic region is leading to greater influence of 

anthropogenic aerosol sources from oil and gas activity and shipping emissions. Arctic oil and gas 

development is prevalent in Russia, Alaska, Norway, and Canada (Peters et al., 2011). Oil and gas 

extraction contribute soot and organic carbon aerosol to the Arctic atmosphere (Peters et al., 2011). 
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Greenhouse gases (CO2, CH4, N2O) and gaseous aerosol and ozone precursors including SO2, NOx, 

and volatile organic compounds (VOCs) are also emitted from oil and gas activity (Peters et al., 

2011). The Alaskan Arctic is influenced by emissions from Prudhoe Bay, the third largest oilfield 

in North America (U.S. Energy Information Administration, 2015). Large concentrations of CO 

have been observed from Prudhoe Bay production facilities (Brooks et al., 1997), in addition to 

increased concentrations of CCN and soot (Maahn et al., 2017). Enhanced levels of alkanes, 

including ethane, ethyne, propane, and n-butane, have been observed in the boundary layer within 

a radius of 300 km from Prudhoe Bay (Blake et al., 1992). Influence of Prudhoe Bay emissions 

has been observed across the Alaskan North Slope, with increased concentrations of CH4, CO2, 

and NOy observed at Utqiaġvik during air mass influence from Prudhoe Bay (Jaffe et al., 1991, 

1995). Prudhoe Bay emissions have been observed to contribute to regional ultrafine particle 

growth events (Creamean et al., 2018b; Kolesar et al., 2017) and impact local cloud properties by 

leading to smaller cloud droplets (Maahn et al., 2017). Combustion-derived particles (organic 

carbon, soot) and aged sea spray particles containing sulfate and nitrate have also been observed 

at Utqiaġvik, Alaska for Prudhoe Bay influenced air masses (Gunsch et al., 2017).  

 Natural resource extraction, cargo transportation, and tourism are increasing shipping 

activity in the Arctic region as sea ice decline enables access (Dalsøren et al., 2007; Roiger et al., 

2015). In the Canadian Arctic, increased shipping activity has impacted air quality, with increased 

ozone and particulate matter concentrations observed from ship traffic, as well as NOx, SO2, and 

soot (Aliabadi et al., 2015; Gong et al., 2018). In the Alaskan Arctic, the Bering Strait has 

experienced record low sea ice extent in recent years (Stroeve et al., 2014). Already one of the 

busiest shipping lanes in the Arctic, ship traffic through the Bering Strait is predicted to increase 

with continued sea ice loss (Huntington et al., 2015), contributing to greater anthropogenic 

emissions in the region. Ship emissions of soot, VOCs, SO2, NOx, and trace metals, including 

vanadium, have been observed at elevated concentrations in the Bering Strait (Kim et al., 2015b; 

Laimin et al., 2008). Local sources of soot from oil and gas activity and shipping activity may 

particularly impact the Arctic climate, as deposition of the absorbing aerosol on bright snow and 

ice surfaces changes the surface albedo (Bond et al., 2013; Flanner et al., 2007).    

1.3.4 Heterogeneous and Multiphase Reactions in the Atmosphere 

 During atmospheric transport, particles undergo “aging” by atmospheric reactions forming 

secondary species. These heterogeneous reactions (on solid surfaces) and multiphase reactions 
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(within aqueous droplets) result in a complex, dynamic aerosol mixing state as particles are 

transported from their emission source (Riemer et al., 2019). For example, SSA particles undergo 

reactions with sulfur- and nitrogen-containing gases (HNO3, N2O5, H2SO4, MSA) to form particle-

phase sodium sulfate or sodium nitrate, liberating chloride from the particle as HCl (Gard et al., 

1998). These heterogeneous and multiphase reactions can impact atmospheric oxidizing capacity, 

atmospheric lifetimes of particles and trace gases, and aerosol climate properties (Seinfeld and 

Pandis, 2012). Characterizing individual particle mixing state can determine the extent of aerosol 

aging and inform particle age, transport, and potential sources (Riemer et al., 2019). 

1.4 Chemical Characterization of Individual Aerosol Particles  

 Single particle analysis methods, including microscopic and spectroscopic methods, can 

be applied to characterize aerosol physicochemical mixing state (Ault and Axson, 2017). These 

microspectroscopic methods are offline, nondestructive techniques, allowing for analysis of the 

same sample by multiple methods. This multimodal approach provides a more complete picture of 

the physicochemical mixing state, as each technique has limits regarding the particles sizes and 

compositions that can be analyzed, due to requirements for sample preparation or instrumental 

limitations. An aerosol impactor, such as a micro-orifice uniform deposit impactor (MOUDI, MSP 

Corp.) or a microanalysis particle sampler (MPS, California Instruments) with size-resolved stages 

collects individual particles onto substrates for offline analysis. 

1.4.1 Electron Microscopy 

Electron microscopy has become a popular method for analyzing physical and chemical 

properties of individual aerosol particles (Ault and Axson, 2017; Laskin et al., 2016). Scanning 

electron microscopy (SEM) can collect detailed images of individual particles, providing 

information on morphology and size of particles >30 nm diameter, with a practical limit of >100 

nm for very thin samples, including ambient particles (Laskin et al., 2006). The detection of 

different electron interactions with the sample can provide information regarding the surface 

features (back scattered electrons and secondary electrons) or internal structure (transmitted 

electrons) (Ault and Axson, 2017). Tilted SEM imaging can provide information about the three-

dimensional particle shape (Laskin et al., 2016; Wang et al., 2016). Energy dispersive X-ray 

spectroscopy (EDX) coupled with SEM provides semi-quantitative chemical information for 

individual particles, by detecting element-specific X-rays emitted from the particle during 
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interaction with the electron beam (Ault and Axson, 2017). Spatially-resolved (<10 nm) 

intraparticle elemental composition can be determined by SEM-EDX by rastering across the entire 

particle (elemental mapping). A computer-controlled SEM-EDX method (CCSEM-EDX) allows 

for automated particle detection and facile analysis of thousands of particles per sample (Laskin et 

al., 2006), enabling data collection on a statistically representative subsample of the ambient 

aerosol population (Willis et al., 2002). Cluster analysis methods, including k-means clustering, 

have been employed to assist with the subsequent analysis of large CCSEM-EDX data sets in 

several previous studies (Ault et al., 2012; Axson et al., 2016a, 2016b; Bondy et al., 2018; Gunsch 

et al., 2017; Kirpes et al., 2018). The k-means clustering method, adapted from single particle mass 

spectrometry analysis methods (Anderson et al., 2005; Rebotier and Prather, 2007; Song et al., 

1999), groups particles based on similarity of elemental composition, determined by the EDX 

spectra, resulting in clusters representing different particle types and sources (Ault et al., 2012). 

Transmission electron microscopy (TEM) provides greater spatial resolution than SEM, allowing 

for analysis of individual particles as small as 10 nm, and can also be coupled with EDX; however 

this method has not yet been automated (Ault and Axson, 2017; Pósfai and Buseck, 2010). SEM 

and TEM analyses have previously been applied to determine the chemical composition and infer 

sources of Arctic aerosols (Anderson et al., 1992; Bigg and Leck, 2001a; Chi et al., 2015; 

Creamean et al., 2018a; Geng et al., 2010; Gunsch et al., 2017; Hamacher-Barth et al., 2016; Hara 

et al., 2002b, 2002a; Hara, 2003; Hara et al., 1999, 2002c; Hiranuma et al., 2013; Karl et al., 2013; 

Leck et al., 2002; Leck and Svensson, 2015; Lohmann and Leck, 2005; Shaw, 1983; Weinbruch 

et al., 2012, 2018; Xie et al., 2007; Young et al., 2016).   

1.4.2 Raman Microspectroscopy 

 Raman microspectroscopy combines optical microscopy with vibrational spectroscopy to 

provide information on the functional groups present in individual particles >1 µm (Ault and 

Axson, 2017). This method provides detailed characterization of covalently bonded species, 

including inorganic and organic functional groups, and some crystal lattice vibrations, present in 

individual particles. Additionally, specific peak positions provide information on local bonding 

environments (Ault and Axson, 2017). For example, NO3-(aq) and NO3-(s) have been differentiated 

in reacted SSA particles (Zangmeister and Pemberton, 2001), and the specific νs(SO42-) peak 

position between 975 – 1000 cm-1 can distinguish free sulfate, ammonium sulfate, sodium sulfate, 

magnesium sulfate, potassium sulfate, or calcium sulfate hydrates (Ault et al., 2013b; Mabrouk et 
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al., 2013). While Raman spectra of ambient particles can be complex due to the great number of 

specific compounds present, particularly organic species, comparison to spectra of standard 

compounds through methods such as c2 analysis enables characterization of the molecular classes 

present in individual particles (Cochran et al., 2017). Recently, a computer-controlled Raman 

microspectroscopy method was developed for the analysis of atmospheric particles, enabling 

analysis of hundreds of particles per sample (Craig et al., 2017). Several recent studies have applied 

Raman microspectroscopy to the characterization of ambient aerosol particles (Baustian et al., 

2012; Bondy et al., 2017b; Chi et al., 2015; Craig et al., 2017; Creamean et al., 2016; Deng et al., 

2014; Sobanska et al., 2012). 

1.4.3 Atomic Force Microscopy – Infrared Spectroscopy 

 Atomic force microscopy with infrared spectroscopy (AFM-IR) was recently developed as 

a method to probe the vibrational modes of <1 µm atmospheric particles (Bondy et al., 2017a; Or 

et al., 2018). The photothermal expansion of a sample when irradiated with an infrared laser is 

detected by an AFM probe, enabling IR detection below the optical diffraction limit, with ~100 

nm spatial resolution in individual particles (Dazzi et al., 2012). AFM imaging provides high 

spatial resolution information on particle morphology and phase, coupled with the chemical 

functional group information from IR absorption spectra. The ability to characterize molecular 

composition in individual submicron particles, in addition to morphology and phase, will allow 

greater understanding of the processes controlling aerosol mixing state and potential climate 

impacts.   

1.4.4 Scanning Transmission X-ray Microscopy with Near Edge X-ray Absorption Fine 

Structure Spectroscopy  

Scanning transmission X-ray microscopy with near edge X-ray absorption fine structure 

spectroscopy (STXM-NEXAFS) can distinguish chemical bonding and oxidation states of certain 

elements present in individual particles (Ault and Axson, 2017; Moffet et al., 2010a). Using highly 

monochromatic X-rays, STXM-NEXAFS detects the transmitted X-rays through a particle sample 

and creates a map (~25 nm spatial resolution) at each tightly packed energy across the region of 

interest (Ault and Axson, 2017). These maps can then be combined to provide a spectrum at each 

pixel of the image. By scanning across the K-edge of carbon, oxygen, or nitrogen, or the L-edge 

of sulfur or chlorine, detailed molecular speciation of these elements can be determined within 
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individual particles. In addition to determining chemical oxidation states present (e.g. sp2 or 

COOH carbon; S(V) or S(VI)), the optical depth can be determined using Beer-Lambert’s Law 

(Moffet et al., 2010a) to enable quantification.  

Equation 1.1 𝑂𝐷	 = 	−𝑙𝑛(𝐼/𝐼0) 	= 	µ(𝐸)r𝑡  

where r is the mass density of the material, t is the sample thickness, and µ is the mass absorption 

coefficient. Using the optical depth, the ratio of inorganic to organic components can be 

determined at each pixel of the image using the pre-edge and post-edge absorption, and the organic 

volume fraction for each individual particle can be calculated (Moffet et al., 2010a). With this 

detailed chemical speciation of specific elements, STXM-NEXAFS is complementary to SEM-

EDX. STXM-NEXAFS has been used to probe the chemical composition of ambient particles over 

the carbon K-edge (Bondy et al., 2018; Frossard et al., 2014; Laskin et al., 2012; Moffet et al., 

2010a; O’Brien et al., 2015a, 2014, 2015b; Pham et al., 2017; Wang et al., 2016) and sulfur L-

edge (Ault et al., 2013c; Hopkins et al., 2008), including for Arctic particles (Hawkins and Russell, 

2010; Hiranuma et al., 2013). 

1.5 Goals of Dissertation 

 This dissertation focuses on characterizing individual atmospheric particle chemistry, to 

advance understanding of aerosol physicochemical mixing state and address knowledge gaps 

concerning the complex processes influencing the changing Arctic climate. Microspectroscopic 

methods, including SEM-EDX, Raman microspectroscopy, STXM-NEXAFS, and AFM-IR, are 

applied to study the size, morphology, and chemical composition of individual atmospheric 

particles in order to answer climate-relevant questions. Chapter 2 describes a laboratory study to 

determine the impacts of seawater temperature, salinity, and biology on North Atlantic SSA 

production and characterize individual SSA composition in cold regions, relevant to dynamic 

environments including estuaries, river outflows, and areas of sea ice melt. Chapters 3 and 4 

characterize ambient aerosol in the wintertime Alaskan Arctic, a season previously understudied. 

In Chapter 3, the composition and mixing state of particle types present was determined. Chapter 

4 investigates the influence of marine biology on wintertime SSA chemistry. As part of the 

Microbiological – Ocean – Cloud Coupling in the High Arctic (MOCCHA) campaign, Chapter 5 

characterizes aerosol mixing state and the influence of locally produced SSA on the summertime 

high Arctic atmosphere. In comparison to the high Arctic pack ice, Chapter 6 focuses on the Bering 
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Strait and Chukchi Sea to determine the influences of anthropogenic and marine emissions on 

summertime aerosol mixing state. Chapter 7 describes a unique particle type observed during 

summer on the North Slope of Alaska, demonstrating the importance of considering aerosol phase 

in determining climate impacts. Finally, Chapter 8 concludes the dissertation and discusses the 

future directions of on-going projects.
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 Factors Controlling the Chemical Composition and Mixing State of 
Wintertime Coastal Sea Spray Aerosol 
 

2.1 Introduction 

Sea spray aerosol (SSA) contributes the largest global flux of aerosol to the troposphere 

(De Leeuw et al., 2011). SSA is produced via seawater wave breaking, which entrains air to form 

bubbles that rise to the water surface and burst to form droplets (Quinn et al., 2015). Bubble 

bursting creates both film and jet drops that evaporate to form SSA, with diameter modes near 100 

nm and 1-2 µm, respectively (Quinn et al., 2015; Wang et al., 2017b). SSA particles are largely 

inorganic sea salts, but also contain organic matter enriched in the water surface microlayer (SML) 

and/or seawater (Matrai et al., 2008) which is scavenged as bubbles rise through the water column 

(Quinn et al., 2015). SSA composition is generally size dependent, with larger particles containing 

primarily sodium chloride and smaller particles primarily organics (Ault et al., 2013c; Facchini et 

al., 2008; Quinn et al., 2015). However, recent studies have demonstrated the complexity of SSA 

composition, observing supermicron particles enriched in organics and the persistence of salts in 

sub-100 nm particles (Wang et al., 2017b). The diversity of seawater biology is reflected in the 

organic compounds observed in the SML and in SSA particles, including marine colloids or gels 

(Bigg and Leck, 2008; Chin et al., 1998; Decho and Gutierrez, 2017), aliphatic compounds 

including fatty acids (Bikkina et al., 2019; Cochran et al., 2017; Kanakidou et al., 2005; Kawamura 

and Bikkina, 2016), carbohydrates including monosaccharides and polysaccharides (Cochran et 

al., 2017; Frossard et al., 2014; Fu et al., 2013; Jayarathne et al., 2016; Russell et al., 2010), amino 

acids (Fu et al., 2015; Hawkins and Russell, 2010; Scalabrin et al., 2012), proteinaceous material 

(Fu et al., 2015; Hawkins and Russell, 2010; Scalabrin et al., 2012), and siliceous material, such 

as diatom fragments (Bigg and Leck, 2001b; Cochran et al., 2017; Wilson et al., 2015). 

SSA impacts climate both directly, by scattering incident radiation, and indirectly, by 

aiding cloud formation and influencing cloud properties (Quinn et al., 2015). SSA effects on clouds 

are particularly important for climate in remote marine regions (Carslaw et al., 2010, 2013; 

Lohmann and Leck, 2005) with few other aerosol sources, as SSA are efficient cloud condensation 
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nuclei (CCN) (Collins et al., 2013; Quinn et al., 2014) and can serve as ice nucleating particles 

(INP) (DeMott et al., 2016; Wilson et al., 2015). These climate impacts not only depend on 

atmospheric SSA number concentrations, but also on individual particle composition (Riemer et 

al., 2019). Therefore, to determine SSA effects on climate, the many factors controlling SSA 

production and individual particle composition, including seawater temperature, salinity, and 

biological activity, must be considered.  

Seawater temperature and salinity influence bubble distributions and therefore SSA 

production (Callaghan et al., 2014; Forestieri et al., 2018; Hultin et al., 2010; Salter et al., 2015; 

Schwier et al., 2017; Sellegri et al., 2006; Zábori et al., 2012). Previous studies have probed the 

influence of seawater temperature on SSA production from 0 ˚C to > 30 ˚C with differing results, 

and suggest a nonlinear relationship between seawater temperature, bubble production, and SSA 

size distributions and number concentrations (Forestieri et al., 2018; Hultin et al., 2010; Salter et 

al., 2014, 2015; Schwier et al., 2017; Sellegri et al., 2006; Zábori et al., 2012). Previous studies 

have also identified differing trends of SSA production with salinity, with increased SSA 

production observed for decreased salinity in the North Atlantic Ocean (Hultin et al., 2010) and 

decreased SSA production observed for decreased salinity in glacier melt-influenced seawater 

(Zábori et al., 2012). The complex relationship between seawater parameters and SSA production 

is further demonstrated by the different bubble plume characteristics observed for freshwater and 

seawater, including lower bubble densities and decreased surface foam accumulation observed for 

freshwater (Callaghan et al., 2014; May et al., 2016a; Zábori et al., 2012), leading to less aerosol 

production (May et al., 2016a). 

The abundance and composition of seawater organic material can impact SSA production 

by influencing particle size distributions and number concentrations, with increased biological 

activity resulting in increasing number concentrations of submicron SSA particles (Alpert et al., 

2015; Collins et al., 2013; Fuentes et al., 2010a; Hultin et al., 2010; Keene et al., 2017; Prather et 

al., 2013; Schwier et al., 2017; Sellegri et al., 2006). Through laboratory mesocosm studies, the 

influence of algal blooms on SSA organic content, particle hygroscopicity, and SSA CCN and INP 

activity have been examined, observing a size-dependent increase in SSA organic fractions and 

reduction of particle hygroscopicity during blooms (Ault et al., 2013c; Cochran et al., 2016; 

Collins et al., 2013, 2016; McCluskey et al., 2016; Schill et al., 2015; Wang et al., 2017b). Ambient 

SSA studies have also identified a complex relationship between seawater biology and SSA 
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chemistry, demonstrating the influences of marine dissolved organic material and biological 

productivity on SSA composition (Decesari et al., 2011; Eom et al., 2016; Miyazaki et al., 2018; 

Quinn et al., 2014). However, the dynamic relationship between seawater biological activity and 

SSA chemistry, particularly the molecular composition of seawater organics and transfer into the 

aerosol phase, is not well understood.  

Concurrent changes in water temperature, salinity, and/or biology complicate the 

relationship between seawater characteristics and SSA production. Additionally, SSA properties, 

including reactivity and water uptake, are dependent on the chemical mixing state, or how 

components are distributed within each particle and throughout the aerosol population (Fierce et 

al., 2016; Prather et al., 2008; Riemer et al., 2019). In particular, the abundance and composition 

of SSA organics present will influence particle reactivity, optical properties, CCN efficiency, and 

INP activity (Collins et al., 2013, 2016; Prather et al., 2008; Wilson et al., 2015). The complex 

interactions of these different factors controlling SSA production may be particularly important 

for coastal marine environments, including estuaries and river outflows, and areas of snow or ice 

melt, but uncertainties remain regarding the influence of these many factors on SSA production. 

In the study described herein, we present a laboratory case study of wintertime SSA produced from 

Gulf of Maine seawater, and probe the influence of water temperature, salinity, and biogenic 

organic material on SSA production and individual particle chemical composition. These results 

have important implications for SSA impacts on climate in cold coastal and estuarial 

environments, including the Gulf of Maine and marine environments influenced by river outflows 

or snow and ice melt. 

2.2 Methods 

Four SSA generation experiments (Table 2.1) were conducted in January 2018 using a 

marine aerosol reference tank (MART) (Stokes et al., 2013) at the Bigelow Laboratory for Ocean 

Sciences in East Boothbay, Maine (43°51'35.0"N, 69°34'47.1"W). The MART bubble plume was 

optimized with a waterfall cycle of 4 s on, 4 s off with a total 4.5 min on and 0.5 min off cycle. 

For each experiment, the 210 L MART was filled with 100 L of filtered seawater (0.2µm Whatman 

high flow filter cartridge) from the laboratory seawater intake sampling from the Gulf of Maine. 

New seawater was collected for each experiment. For Experiment 1, the MART was located inside 

the laboratory building, at 20 °C room temperature, while Experiments 2-4 were conducted with 

the MART located outside, at average ambient temperatures between -5 and 10 °C (Table 2.1). To 
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probe the influence of dissolved organic material (DOM) on SSA production, filtrate (0.2µm 

Whatman high flow filter cartridge) of a Haematococcus microalgal culture, representative of local 

freshwater inputs, was added to the MART for Experiments 3 and 4, comprising 50% and 66%, 

respectively, of the total 100 L water volume for each experiment (Table 2.1). The addition of the 

microalgal filtrate also changed the salinity for Experiments 3 and 4, listed in Table 2.1.  

Seawater samples were collected from the MART prior to and immediately after each 

experiment for measurements of dissolved organic carbon (DOC) and total dissolved organic 

nitrogen (TDN). DOC + TDN were analyzed using a Shimadzu TOC-L system equipped with 

TNM-L for N detection, located at the University of Miami, following the method described by 

Dickson et al. (2007), with reference material used for equipment calibration provided by the 

Hansell CRM program (Hansell, 2005). Water temperature was monitored over the course of each 

experiment using a temperature logger (HOBO Water Temperature Pro v2, Onset) deployed inside 

the MART tank. The average water temperature for each experiment (Table 2.1) was calculated 

for the period over which the temperature and aerosol size distributions were stable. Aerosol 

particles were sampled from the 110 L headspace in the MART, through two diffusion driers to 

maintain an aerosol flow relative humidity of ~15%, with a total air flow of 6.3 lpm from the 

MART to the aerosol instrumentation. The sampled air flow was balanced by an inflow of 7.0 lpm 

of particle-free air (1.2 µm pore size HEPA capsule filter, Pall Life Sciences) to maintain positive 

pressure within the MART and eliminate the possibility of sampling room air. The short residence 

time (~15 min) within the MART provided sampling of nascent SSA without atmospheric 

processing. Before starting the MART waterfall, the tank was purged with particle-free air to 

ensure aerosol number concentrations < 20 particles/cm3.
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Table 2.1 Summary of MART experiments and measured seawater parameters, including 
dissolved organic carbon (DOC) and total dissolved nitrogen (TDN). Experiments 3 and 4 included 
added microalgal dissolved organic material (DOM), which altered the salinity, initial DOC, and 
TDN. Average air and water temperatures are provided with standard deviations. 

Experiment 
(Date) 

Location  Average Air 
Temperature 

Average Water 
Temperature 

Salinity Initial 
DOC 

TDN 

1 (01/05/18) Inside (room 
temperature) 

20 ± 1 °C 20 ± 3 °C 29 g/kg not 
measured 

not 
measured 

2 (01/08/18) Outside (cold) -5 ± 2 °C 11.3 ± 0.3 °C 29 g/kg 95.5 µM 14.6 µM 

3 (01/12/18) Outside (cold) 10 ± 1 °C 18 ±  2 °C 19.5 g/kg 376.6 µM 761.4 µM 

4 (01/16/18) Outside (cold) -5 ± 1 °C 16 ± 1 °C 16.2 g/kg 433.1 µM 929.8 µM 

 

Prior to the SSA experiments, in December 2017, bubble spectra were measured within the 

MART for both Gulf of Maine seawater and freshwater (filtered tap water), and optimized to 

spectra previously determined for wave breaking in seawater (Brooks et al., 2009; Deane and 

Stokes, 1999; Norris et al., 2011; Phelps et al., 2002; Phelps and Leighton, 1998) and freshwater 

(Carey et al., 1993; Cartmill and Yang Su, 1993; May et al., 2016a; Monahan, 2001; Wang and 

Monahan, 1995), especially in cold regions (Brooks et al., 2009; Norris et al., 2011) (Fig. 2.1). 

The Gulf of Maine seawater bubble spectrum was consistent with previous open ocean 

observations (Brooks et al., 2009; de Leeuw et al., 2002; Norris et al., 2011; Phelps and Leighton, 

1998). Freshwater bubble densities of three to six orders of magnitude lower than seawater bubble 

densities; in comparison, previous laboratory studies observed freshwater bubble density one to 

three orders of magnitude higher than seawater bubble densities (Callaghan et al., 2014; May et 

al., 2016a).  
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Figure 2.1 Mean lab-based bubble spectra for the MART filled with Gulf of Maine seawater 
optimized for the cold coastal and open ocean, compared to freshwater.   

To measure SSA size distributions and number concentrations, a scanning mobility particle 

sizer (SMPS, Model 3938, TSI Inc.) and optical particle sizer (OPS, Model 3330, TSI Inc.) 

sampled from the MART at 0.3 and 1.0 lpm, respectively. For each MART experiment, the SMPS 

and OPS measured aerosol size distributions (5 min scans each) for particles 14 – 760 nm (mobility 

diameter, dm) and 337 – 10,000 nm (optical diameter, dop), respectively. Size distributions from 

the SMPS and OPS were combined following a previously established method (Khlystov et al., 

2004; Taylor et al., 2012) to determine the total number concentration and particle size modes for 

each experiment. The OPS distributions were converted to mobility diameter, assuming a shape 

factor of 1 and a density of 2.0 g/cm3 (representative of sodium chloride) (Pilson, 2013). Then the 

SMPS and OPS data were combined, using the SMPS size range from 14 – 737 nm (dm) and the 

OPS data from 1.25 – 10.0 µm (dop) (omitting the first six bins which overlapped with the SMPS), 

for a total distribution from 14 – 6,375 nm dm. Comparisons of particle size distributions for each 

experiment through statistical analysis were conducted with a Kolmogorov-Smirov test (K–S test) 

(Lilliefors, 1967; Massey Jr, 1951). A two-sample K–S test is a non-parametric test to determine 

if two data sets are drawn from the same underlying continuous distribution (null hypothesis) 
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(Lilliefors, 1967; Massey Jr, 1951). For this study, two size distributions were considered 

statistically different if the null hypothesis was rejected at the 5% significance level.  

A 10-stage rotating micro-orifice uniform deposit impactor (MOUDI 110R, MSP Corp.) 

sampled from the MART at 5 lpm, with an additional 25 lpm of particle-free air (1.2 µm pore size 

HEPA capsule filter, Pall Life Sciences) for a total flow rate of 30 lpm. The SMPS, OPS, and 

MOUDI sampled simultaneously for 6 h. The MOUDI collected SSA particles onto silicon wafers 

and quartz substrates (Ted Pella, Inc.) for offline single particle analysis, described below. MOUDI 

substrates were stored in the dark at ambient temperature prior to analysis (Laskina et al., 2015).  

Computer-controlled scanning electron microscopy with energy dispersive X-ray 

spectroscopy (CCSEM-EDX) was conducted for SSA particles collected on silicon from three 

MOUDI stages (1.0 – 1.8 µm aerodynamic diameter, da, 0.32 – 0.56 µm da, and 0.10 – 0.18 µm 

da). Analysis was conducted using a FEI Helios Nanolab SEM/FIB instrument equipped with a 

field emission gun operating at 20 kV accelerating voltage and an Everhart-Thornley secondary 

electron detector for SEM imaging. X-ray spectra from elements C, N, O, Na, Mg, S, Cl, K, Ca, 

Ti, Fe, Ni, and Zn were detected with an EDX detector (EDAX, Inc). CCSEM-EDX analyses of 

~100 SSA particles per substrate provided the size, morphology, and relative abundance of the 

identified elements in individual SSA particles. EDX has previously been shown to quantitatively 

reproduce SSA and freshwater (lake spray aerosol) elemental ratios (Ault et al., 2013c, 2014; 

Axson et al., 2016a; May et al., 2016a, 2018b, 2018a). K-means clustering of the individual particle 

EDX spectra for ~1500 total analyzed particles grouped the particles into 20 clusters based on 

similarity of elemental composition (Ault et al., 2012; Bondy et al., 2018; Kirpes et al., 2018; Shen 

et al., 2016). These clusters were then combined into four main particle types (SSA, SSA+organic 

carbon (SSA+OC), organic, and Fe- or Ca-containing), based on comparison of the EDX spectra 

to previous studies of ambient and lab-generated SSA. 

Individual SSA particles on quartz substrates were analyzed by Raman microspectroscopy 

using a Horiba LabRAM HR Evolution spectrometer coupled with a confocal optical microscope 

(100x N.A. 0.9 Olympus objective), Nd:YAG laser (50 mW, 532 nm), and CCD detector using a 

600 groove/mm diffraction grating. Spectra were collected over the 500 – 4000 cm-1 range with 

spectral resolution of ~1.8 cm-1.  Spectra were compared to prior Raman studies of nascent SSA 

based on functional group peak assignments (Ault et al., 2013b; Cochran et al., 2017; Ebben et al., 

2013). For each experiment, Raman spectra were collected for ~15 – 20 individual particles each 
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from two MOUDI stages (1.0 – 1.8 µm da and 0.32 – 0.56 µm da,), for a total of 150 particles 

analyzed.   

2.3 Results and Discussion  

2.3.1 Factors Influencing SSA Concentrations and Size Distributions 

 To investigate the effects of seawater temperature on SSA production, SSA generation 

experiments (Table 2.1) were conducted in January, 2018 using Gulf of Maine seawater inside the 

laboratory at room temperature (20 ˚C, Experiment 1) and outside, with low water temperature (11 

˚C, Experiment 2). Experiments 3 and 4 were also conducted outside at lower temperatures (18 ˚C 

and 16 ˚C, respectively) and with added DOM. Overall, all four experiments were characterized 

by similarly shaped aerosol size distributions, with a smaller mode at ~120 – 150 nm and an 

additional 1.2 µm mode (Fig. 2.2). Between the room temperature (20 °C, Experiment 1) and cold 

experiments (11 – 18 °C, Experiments 2-4), the submicron mode shifted from 155 ± 5  nm to 122 

– 131 ± 5 nm (Fig. 2.2). A shift in the size distribution with temperature has also been observed in 

some previous studies, with a similar magnitude shift to smaller sizes with decreasing temperature 

(Salter et al., 2014; Sellegri et al., 2006) as with our observations. Additionally, the number 

concentration at the submicron mode increased by ~50% for the cold experiments, while the 

supermicron mode decreased by ~50%, consistent with previous laboratory studies of temperature-

dependent SSA production (-1 to 30 ˚C) (Salter et al., 2015). The increased number concentration 

and decrease in mode diameter from Experiment 1 (1000 ± 100 particles/cm3) to Experiment 2 

(1300 ± 200 particles/cm3) corresponded to a decrease in average water temperature from 20 ˚C to 

11 ˚C, with no other variables changed, demonstrating a temperature-dependent response in SSA 

production. Previously published studies have shown differing trends in the direction of 

temperature effects on SSA production. Consistent with our observations, some previous studies 

have observed an increase in submicron SSA number concentration and decrease in supermicron 

SSA (Hultin et al., 2010; Salter et al., 2014, 2015; Zábori et al., 2012), including observations at 

similar temperature ranges (12.7 – 16.7 °C) and DOC concentrations (290 – 1095 µg/L) in the 

North Atlantic Ocean (Hultin et al., 2010). 
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Figure 2.2 Average aerosol size distributions for each experiment. Shaded regions indicate 
standard deviations. The inset plot shows the size mode and associated standard deviation for each 
experiment. 

 While average water temperature increased between Experiments 2 (11 ˚C) and 3 (18 ˚C) 

due to changes in the outside ambient temperature, Experiment 3 also had increased DOC (376.6 

µM, compared to 95.5 µM for Experiment 2) and lower salinity (19.5 g/kg) due to the addition of 

the Haematococcus microalgal culture. The size distributions and modes were consistent between 

Experiments 2 (122 ± 5 nm) and 3 (126 ± 9 nm), and the slightly increased total number 

concentration for Experiment 3 (1500 ± 200 particles/cm3) was not statistically significant 

compared to Experiment 2 (1300 ± 200 particles/cm3) (K–S test). When even more microalgal 

culture was added for Experiment 4 (DOC 433.1 µM), statistically greater (K–S test) particle 

number concentrations were observed for Experiment 4 (1700 ± 200 particles/cm3), compared to 

Experiment 3 (1500 ± 200 particles/cm3). However, in addition to the DOC increase from 

Experiment 3 to Experiment 4 (376.6 µM and 433.1 µM, respectively), the temperatures and 

salinities between Experiment 3 (18 ˚C, 19.5 g/kg) and 4 (16 ˚C, 16.2 g/kg) (Table 2.1) also 

changed; therefore the decreased temperature and increased DOC may both have contributed to 

the observed increased number concentrations. The impact of salinity is uncertain in previous 
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work, with differing observations of both increasing and decreasing SSA production with 

increasing salinity (Hultin et al., 2010; May et al., 2016a; Zábori et al., 2012). Therefore, the 

combination of these factors likely resulted in little overall impact on SSA production observed 

between Experiments 3 and 4.  

In addition to confounding factors of seawater temperature and salinity, biological activity 

contributes to complex relationships between seawater properties and SSA production. Previous 

studies have observed increased SSA organic content with elevated DOC content and during algal 

blooms (Forestieri et al., 2016; Schwier et al., 2015, 2017); however, other studies have observed 

consistent SSA organic content despite changing biological productivity (Keene et al., 2017). In 

addition, previous work has shown increased DOM content leading to increased SSA number 

concentrations (Alpert et al., 2015; Fuentes et al., 2010b; Hultin et al., 2010; Keene et al., 2017). 

Based on these previous studies, we predicted increased temperature in Experiment 3 would result 

in a decrease in number concentration (Hultin et al., 2010; Salter et al., 2014, 2015; Zábori et al., 

2012), while an increase in DOM would increase SSA production (Alpert et al., 2015; Fuentes et 

al., 2010b; Hultin et al., 2010; Keene et al., 2017), resulting in little overall change compared to 

Experiment 2, as was observed. Additionally, some studies have observed changes in SSA size 

distributions with shifts to smaller sizes (Alpert et al., 2015; Fuentes et al., 2010b) or increased 

concentrations of smaller particles (Prather et al., 2013; Sellegri et al., 2006) due to biological 

drivers. However, during our experiments, the size distribution mode did not change with added 

DOC, consistent with other previous studies (Collins et al., 2013; Hultin et al., 2010; Schwier et 

al., 2017), but the particle number concentration increased at the highest DOC concentration.  

Overall, in comparing the changes between each of the four experiments, our results suggest that 

temperature had a greater impact on SSA production than DOC for our Gulf of Maine seawater, 

consistent with previous Mediterranean seawater studies, which showed SSA production to be 

correlated with temperature rather than chlorophyll-a concentrations (Schwier et al., 2017). The 

influence of temperature on SSA production has not previously been investigated for the coastal 

North Atlantic. 

2.3.2 SSA Chemical Composition 

To further probe the influence of marine organic material on nascent SSA, the chemical 

composition of individual particles generated in each experiment was characterized using 

CCSEM-EDX. Four main particle types were identified, including SSA (primarily salts), SSA 
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internally mixed with organic carbon (SSA+OC), organic carbon particles, and Fe- or Ca-

containing particles (Fig. 2.3). SSA particles were characterized as containing primarily Na and 

Cl, at elemental ratios (0.94 – 1.16), similar to the seawater Cl/Na ratio of 1.16 (Laskin et al., 2012; 

Pilson, 2013; Quinn et al., 2015). SSA+OC were SSA particles enriched in C and O, with at least 

2% C in the EDX spectra (Ault et al., 2013c; Eom et al., 2016). For the total observed sea salt-

containing particles (SSA and SSA+OC), Cl/Na elemental ratios were determined for individual 

particles from their EDX spectra (Fig. 2.4) (Laskin et al., 2012). Overall, individual supermicron 

SSA (SSA and SSA+OC, 1.0 – 1.8 µm da) Cl/Na ratios were similar to the seawater ratio (1.16 for 

Experiments 1-3 and 1.15 for Experiment 4), consistent with fresh SSA production (Pilson, 2013; 

Quinn et al., 2015). Submicron (0.10 – 0.18 µm da) SSA Cl/Na ratios were slightly depleted 

relative to seawater, particularly for Experiment 3 (average Cl/Na ratio 0.94) and Experiment 4 

(average Cl/Na ratio 0.95) with added DOM. Submicron SSA Cl depletion has been previously 

observed and related to increased biological content (Laskin et al., 2012; Schwier et al., 2017).  

Organic particles were most prevalent at sizes smaller than 500 nm (da) and primarily 

comprised of C and O, with 23% of these particles, by number, also containing S (Ault et al., 

2013c), and 5%, by number, containing N. EDX can be less sensitive to nitrogen, such that the 

number fraction of particles containing N represents a lower limit (Laskin et al., 2006). The circular 

morphology of these organic particles is indicative of non-viscous particles (Fig. 2.3), consistent 

with the transfer of marine organics from the SML to the particle phase via bubble bursting (Ault 

et al., 2013c; Pham et al., 2017; Wang et al., 2017b). Fe- or Ca-containing particles comprised less 

than 5 – 10% of the particle number across the observed size range, but were present in all 

experiments (Fig. 2.3). These particles contained Ca or Fe as the primary cation, with smaller 

amounts of Na and Cl, in addition to organics (Forestieri et al., 2016; Guasco et al., 2014). In 

comparison, SSA and SSA+OC particles only contained small amounts (< 5 relative atomic 

percent) of Ca and no detectable Fe. The presence and composition of these Ca-containing particles 

(Fig. 2.5) are consistent with previous observations of calcium enrichment in submicron SSA 

(Forestieri et al., 2016; Salter et al., 2016; Schwier et al., 2017). Increases in iron-containing 

particles and those containing divalent cations (Mg, Ca) mixed with organic content have also been 

observed after nutrient addition to mesocosm experiments (Forestieri et al., 2016; Jayarathne et 

al., 2016). 
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Figure 2.3 Representative SEM images and EDX spectra of observed particle types including a) 
sea spray aerosol (SSA), b) sea spray aerosol with organics (SSA+OC), c) organic aerosol, d) Fe-
containing particle, and e) Ca-containing particle. *Spectra were background subtracted to remove 
signal from the silicon substrate, and the silicon peak was removed for clarity. f) Size-resolved 
CCSEM-EDX number fraction distributions of observed particle types. 
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Figure 2.4 a) Average individual SSA and SSA+OC particle Cl/Na elemental ratios and b) median 
individual SSA+OC particle C/Na elemental ratios determined by EDX for each experiment and 
size range, compared to initial values measured for the water. Cl/Na ratios for the water were 
determined based on standard values and the ion concentrations for each experiment. C/Na ratios 
for the water were determined from initial DOC concentrations and salinity for Experiments 2-4. 
No DOC measurements were available for Experiment 1, so the ratio from Experiment 2 was used. 
Error bars show 95% confidence interval. 
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Figure 2.5 Digital color histograms showing the number fractions of spectra (particles) containing 
each element (bar height) at each EDX signal intensity range (color scale) for the Fe- and Ca-
containing particle types. 

2.3.3 Organic Enrichment in Individual SSA Particles 

The relative number fractions of all four main particle types (SSA, SSA+OC, organic, and 

Fe- or Ca-containing) were similar across the four experiments (Fig. 2.6). At supermicron 

diameters (1.0 – 4.0 µm), SSA particles comprised most of the observed particles, ~ 80% by 

number, with number fractions of ~60% for submicron diameters (0.1 – 1.0 µm) (Fig. 2.3). At 

submicron diameters (0.1 – 1.0 µm), increased number fractions of SSA+OC and organic particles 

were observed, comprising ~15 – 20% and ~10 – 15% of particles, by number, respectively (Fig. 

2.3). This size dependence of SSA organic content has been observed in previous studies in which 

SSA, SSA+OC, and organic particle types were observed (Ault et al., 2013c; Collins et al., 2013; 

Hultin et al., 2010; Lee et al., 2015; Prather et al., 2013; Wang et al., 2015a). The presence of 

SSA+OC and organic particles indicates influence of seawater biology through the transfer of SML 

and/or seawater column organic content to the particle phase. While this size dependence in 

organic content was observed, similar number fractions were observed for experiments with 

natural seawater (Experiments 1 and 2) and those with added microalgae (Experiments 3 and 4), 

suggesting that the amount of DOM present did not dramatically affect SSA mixing state. 

However, the observed number fractions of SSA and SSA+OC particle types do not reflect the 
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mass of organic material present in the individual SSA+OC particles; therefore, individual SSA 

particle carbon content was examined next.  

 
Figure 2.6 Size-resolved CCSEM-EDX number fractions of observed particle types for each 
experiment. 

Organic enrichment in SSA+OC particles was present for all experiments and particle size 

ranges, with individual particle C/Na ratios (median ratios of 0.16 – 0.47) greatly enriched above 

the seawater ratio (0.0002 – 0.003), consistent with previous mesocosm studies observing organic 

enrichment in the particle phase (Collins et al., 2013; Forestieri et al., 2016; Schwier et al., 2015, 

2017). The SSA+OC particle C/Na ratios were of similar magnitude for all experiments and size 

ranges. These results show no significant size-dependence in SSA composition, with submicron 

median C/Na ratios of 0.27 – 0.40 for 0.10 – 0.18 µm particles and median C/Na ratios of 0.29 – 

0.47 for 0.32 – 0.56 µm particles, compared to supermicron median C/Na ratios of 0.15 – 0.28 for 

1.0 – 1.8 µm particles. Notably, no significant differences were observed in the C/Na ratios 
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between experiments with natural seawater (Experiments 1 and 2) and experiments with added 

algal culture filtrate (Experiments 3 and 4), suggesting that increased DOC did not have a 

significant influence on SSA organic content at smaller particle diameters. 

2.3.4 Molecular Characterization of SSA Organics 

Raman microspectroscopy was used to characterize the chemical composition of the 

organics within the individual SSA+OC particles. Of the 150 particles analyzed, 28% fluoresced, 

masking the Raman signal. An additional 16% of particles exhibited fluorescence, but signals for 

organic functional groups could still be identified. Fluorescence is often indicative of conjugation 

within biological molecules present in particles (Fu et al., 2015; May et al., 2018a) and was 

observed in SSA particles from all experiments and across all sizes. The 72% of analyzed SSA+OC 

particles which had detectable Raman signal showed signatures characteristic of saccharides 

(Cochran et al., 2017), with no major differences in organic composition between experiments or 

across size ranges. Previous observations have identified a size dependence of SSA+OC 

composition, with submicron particles containing more aliphatic organics, while supermicron 

particles contained more oxidized organics (Wang et al., 2015a). Notably, SSA+OC particles from 

Experiments 3 and 4, with added microalgal culture filtrate, did not show distinct evidence of the 

added Haematococcus-derived DOM in the Raman spectra. The carotenoid astaxanthin is a major 

component of Haematococcus and is expected to have strong Raman modes at 1157 cm-1 for n(C-

C) and 1520 cm-1 for n(C=C), which were not observed in the particle spectra (Kaczor and 

Baranska, 2011; Subramanian et al., 2014). Degradation of the astaxanthin molecule during 

filtration or through the water cycling process in the MART may result in similar free saccharide 

modes to those observed.  

 Figure 2.7 shows two representative Raman spectra of individual SSA+OC particles with 

free saccharide signatures. Characteristic free saccharide modes include δ(C-O-H), δ(C-C-H), and 

δ(O-C-H) side group deformations (870 - 871 cm-1), n(C-C) or n(C-O) modes (1011, 1043, and 

1100 cm-1), δ(CH2OH) deformations (1256 - 1258, 1316, 1367 - 1368, 1433 -1435, 1455 - 1457, 

and 1479 cm-1), and n(C=C) or n(C=O) (1644 cm-1) (Table 2.2) (Cochran et al., 2017). In the C-H 

stretching region, free saccharides have modes similar to those present at 2917 cm-1 for na(CH), 

2939 cm-1 for na(CH2), and 2985 – 2986 cm-1. Modes in the n(O-H) region also align with the free 

saccharide modes between 3386 - 3391 cm-1 (Table 2.2) (Cochran et al., 2017). A saccharide C-H 
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wagging mode at 1343 cm-1 was observed in 9%, by number, of analyzed SSA particles (Table 

2.2) (Craig et al., 2017). The simultaneous presence of all of these modes (Fig. 2.7) are highly 

suggestive of the presence of saccharides. Modes characteristic of polysaccharides were also 

observed at 941 cm-1 for skeletal modes (Movasaghi et al., 2007) and 981 cm-1 for na(C-O-C) 

(Cochran et al., 2017). Saccharides have previously been identified in the seawater SML and in 

the particle phase (Hawkins and Russell, 2010; Jayarathne et al., 2016; Kawamura et al., 2017; 

Pakulski and Benner, 1994; Russell et al., 2010). The prevalence of these modes suggests 

saccharides are abundant in Gulf of Maine seawater and may preferentially transfer into the aerosol 

phase.  

Raman modes characteristic of other classes of organic compounds were also present in 

the SSA+OC particle spectra. Modes at 1128 - 1132 cm-1 for ns(C-C), 2850 cm-1 for aliphatic 

ns(CH2), 2894 cm-1 for aliphatic ns(CH3), 2907 cm-1 for aliphatic na(CH2), and 2998 - 3000 cm-1 

for ns(=C-H) modes are indicative of fatty acids or aliphatic compounds (Ault et al., 2013b; 

Cochran et al., 2017; Deng et al., 2014). In particular, the aliphatic na(CH2) mode at 2907 cm-1 was 

present in 21%, by number, of observed SSA+OC particles. When present, the aliphatic na(CH2) 

mode was as intense as the saccharide na(CH2) mode, with an average 2907 cm-1/2940 cm-1  peak 

intensity ratio of 1.05, indicating influence of both fatty acids and saccharides in the SSA particles. 

Fatty acids have previously been observed in SSA, demonstrating influence of SML organics 

transferred to the particle phase (Bikkina et al., 2019; Cochran et al., 2017; Ovadnevaite et al., 

2014; Tervahattu et al., 2002). Additionally, 61%, by number, of SSA+OC particle spectra also 

contained a n(N-H) stretch around 3100 cm-1; the simultaneous presence of a broad C=C peak at 

1603 cm-1 (Fig. 2.7) suggests the presence of amino acids (Movasaghi et al., 2007; Tang et al., 

2016), compounds which have been identified in SSA particles in previous studies (Cochran et al., 

2017; Leck and Keith Bigg, 2008; Scalabrin et al., 2012). Finally, modes at 709 & 776 cm-1 

corresponding to na(Si-C), and 1411 cm-1 and 2966 cm-1 corresponding to polydimethylsiloxane 

δa(CH3) and na(CH3) modes, respectively, are likely characteristic of siliceous organics (Cochran 

et al., 2017). While the presence of siliceous material in the analyzed particles could not be 

determined by CCSEM-EDX due to the silicon substrate background, these Raman modes indicate 

that diatomaceous organics may be present, consistent with previous SSA studies (Bigg and Leck, 
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2001b; Cochran et al., 2017; Patterson et al., 2016) and the seawater source (Kane, 2011; 

Thompson et al., 2006). 

 
Figure 2.7 Representative Raman spectra of two individual SSA+OC particles, from Experiments 
3 and 4, exhibiting the organic signatures of free saccharides (Cochran et al., 2017). Modes specific 
to free saccharides are labeled in bold. 
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Table 2.2 Peak assignments for vibrational modes observed in individual SSA particle Raman 
spectra. 

Peak Position (cm-1) Mode Assignment Literature Value (cm-1) Reference 

709 ns(Si-C) (polydimethylsiloxane) 710 Cochran et al. (2017) 

776 
na(Si-C) 

(polydimethylsiloxane) 
791 Cochran et al. (2017) 

870, 871 

δ(C-O-H), δ(C-C-H), δ(O-C-H) 

side group deformations 

(saccharides) 

861 Cochran et al. (2017) 

941 
skeletal modes 

(polysaccharides) 
941 

Movasaghi et al. 

(2007) 

981 na(C-O-C) (polysaccharides) 991 Cochran et al. (2017) 

1011 
n(C-C), n(C-O) 

(saccharides) 
1009 Cochran et al. (2017) 

1043 
n(C-C), n(C-O) 

(saccharides) 
1037 Cochran et al. (2017) 

1100 
n(C-C), n(C-O) 

(saccharides) 
1097 Cochran et al. (2017) 

1128, 1132 
ns(C-C) 

(fatty acids) 
1129 Cochran et al. (2017) 

1256, 1258 
δ(CH2OH) deformations 

(saccharides) 
1250 Cochran et al. (2017) 

1316 
δ(CH2OH) deformations 

(saccharides) 
1310 Cochran et al. (2017) 

1343 
C-H wag 

(saccharides) 
1344 

Craig et al. (2017), 

Movasaghi et al. 

(2007) 

1367, 1368 
δ(CH2OH) deformations 

(saccharides) 
1363 Cochran et al. (2017) 

1411 δa(CH3) (polydimethylsiloxane) 1408 Cochran et al. (2017) 

1433, 1435 
δ(CH2OH) deformations 

(saccharides) 
1428 Cochran et al. (2017) 

1455, 1457 
δ(CH2OH) deformations 

(saccharides) 
1452 Cochran et al. (2017) 

1479 
δ(CH2OH) deformations 

(saccharides) 
1475 Cochran et al. (2017) 
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1603 
n(C=C) 

(amino acids) 
1603 

Movasaghi et al. 

(2007) 

1644 
n(C=C), n(C=O) 

(saccharides) 
1640 Cochran et al. (2017) 

2724 overtone 2724 Cochran et al. (2017) 

2850 
ns(CH2) 

(fatty acids) 
2850 Cochran et al. (2017) 

2894 
ns(CH3) 

(fatty acids) 
2894 

Movasaghi et al. 

(2007) 

2907 
na(CH2) 

(fatty acids) 
2904 Cochran et al. (2017) 

2917 
na(CH) 

(saccharides) 
2915 

Ault et al. (2013b) 

Cochran et al. (2017) 

2939 
na(CH2) 

(saccharides) 
2935 Ault et al. (2013b) 

2966 na(CH3) (polydimethylsiloxane) 2967 Cochran et al. (2017) 

2985, 2986 (saccharides) 2980 Cochran et al. (2017) 

2998, 3000 
ν(=C-H) 

(fatty acids) 
3005 Czamara et al. (2015) 

3090 n(N-H) 3090 Shipp et al. (2017) 

3119 n(N-H) 3134 Tang et al. (2016) 

3274 n(O-H) 3275 Ault et al. (2013b) 

3386, 3391 n(O-H) 3408 Cochran et al. (2017) 

 

2.4 Conclusions 

SSA impacts on climate are dependent on factors controlling SSA production and chemical 

composition. Four SSA generation experiments were conducted using a MART with wintertime 

Gulf of Maine seawater and added DOM from a Haematococcus microalgal culture. The 

influences of seawater temperature, biology, and salinity on aerosol production were investigated. 

For the conditions probed herein, temperature played a greater role than DOC concentration in 

changing SSA number concentrations and size distributions, with increased production of 

submicron (0.1 – 1.0 µm) SSA and decreased production of supermicron (1.0 – 4.0 µm) SSA for 

the cold, outdoor experiments compared to the inside, room temperature experiment. For all 

experiments, the particles produced were primarily inorganic SSA particles (60% of submicron 
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and 80% of supermicron particles, by number). SSA+OC and organic particles were observed at 

greater number fractions in the submicron size range (20% and 10 – 15% of submicron particles, 

respectively). The small fraction of Ca and Fe metal-containing particles observed (5 – 10%, by 

number) were most likely related to the seawater biological activity, as observed previously during 

algal blooms (Forestieri et al., 2018; Jayarathne et al., 2016; Salter et al., 2016). The observed 

individual SSA particle composition was influenced by seawater organics, with carbon 

enrichments relative to seawater (C/Na ratios of 0.005 – 0.36) observed across all particle sizes 

(Schwier et al., 2017). The molecular composition of the observed SSA organics was characterized 

primarily by free saccharides, with some contribution from aliphatic organics and siliceous 

material, as determined by individual particle analysis with Raman microspectroscopy.  

The complex molecular composition of SSA organics, including the observed saccharides 

and fatty acids, influences individual particle chemical properties and climate impacts (Quinn et 

al., 2015). Saccharides are more hygroscopic than fatty acids and other aliphatic compounds, 

which will influence particle CCN efficiency (Cochran et al., 2017). Mesocosm studies have 

observed a decline in polysaccharides and increase of free saccharides and short chain fatty acids 

over the course of an algal bloom, suggesting a dynamic link between seawater biology and SSA 

hygroscopicity (Cochran et al., 2017). Additionally, the observed siliceous compounds, such as 

fragments of diatoms, may be active INP (Wang et al., 2011). Changes in SSA size distributions, 

number concentrations, and chemical composition due to factors including seawater temperature, 

salinity, and DOC are important to understand in order to predict SSA impacts on clouds. The shift 

to smaller sizes at lower temperatures indicates fewer SSA will be large enough to act as CCN. In 

addition, SSA organics may reduce particle hygroscopicity (Cochran et al., 2017; Collins et al., 

2016) and CCN efficiency (Collins et al., 2013), and may contribute to INP activity (Wang et al., 

2011; Wilson et al., 2015). The factors controlling SSA production are especially important to 

constrain in cold marine environments, areas of changing salinity, and regions of dynamic or 

enriched biological activity, including estuaries, river outflows, and areas of snow or ice melt. 

Determining the influence of temperature, salinity, and marine biology, and their combined 

impacts, on SSA size distributions and chemical composition, is crucial for predicting SSA 

production and climate impacts in dynamic marine environments, including temperate and polar 

regions of varying salinity and microbial activity.  
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3.1 Introduction 

The Arctic region is experiencing warming at a greater rate than elsewhere on Earth (IPCC, 

2014) and undergoing substantial transformations, including rapid loss of sea ice (Overland and 

Wang, 2013). This is leading to increased aerosol emissions, resulting in changes to atmospheric 

aerosol budgets and associated climate feedbacks (Struthers et al., 2011). Characterizing the 

chemical composition and morphology of individual Arctic aerosol particles is important for 

understanding the influence of local and transported aerosols on climate (Leck et al., 2002; Leck 

and Svensson, 2015), which remains one of the largest uncertainties in radiative forcing (Boucher 

et al., 2013). Aerosol mixing state, the distribution of chemical species across an aerosol 

population and within each individual particle, determines particle reactivity, hygroscopicity/cloud 

activation efficiency, and optical properties (Ault and Axson, 2017; Prather et al., 2008). However, 

the few studies that have used single particle analysis techniques to characterize the chemical 

mixing state of the Arctic aerosol population have been limited to Svalbard (Chi et al., 2015; Geng 

et al., 2010; Hara, 2003; Hara et al., 2002c; Weinbruch et al., 2012), Canadian archipelago (Köllner 

et al., 2017), and central Arctic (Sierau et al., 2014).  Evaluating aerosol impacts on climate across 

the Arctic region is of particular importance given rapid changes in aerosol sources. Therefore, 

there is an urgent need to study the chemical composition of individual Arctic aerosol particles.  

 Aerosol influences on cloud formation and cloud-climate feedbacks in the Arctic are highly 

uncertain during winter, when there is little direct solar radiation and longwave radiative forcing 

dominates (Garrett and Zhao, 2006; Holland and Bitz, 2003; Letterly et al., 2016; Pithan and 

Mauritsen, 2014). Few studies have characterized Arctic aerosols, particularly those that may act 
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as cloud condensation nuclei (CCN) and ice nucleating particles (INP), during this period. Most 

studies in the winter-spring have focused on the components of Arctic haze, long-range transported 

pollution from the mid-latitudes present in the Arctic after polar sunrise, including non-sea salt 

sulfate, soot, organics, and metals (e.g. Fisher et al., 2011; Hara et al., 2002a; Norman et al., 1999; 

Polissar et al., 1999; Quinn et al., 2002; Sirois and Barrie, 1999; Sturges and Barrie, 1988). 

Notably, particulate sulfate concentrations in the Alaskan Arctic during haze season are 0.1-0.4 µg 

m-3 on average, and much higher than average nitrate concentrations of 0.01-0.03 µg m-3 (Quinn 

et al., 2007). SSA has also been identified as a significant contributor to the winter-spring aerosol 

budget by mass (10-30 %) in the Canadian Arctic (Norman et al., 1999; Quinn et al., 2002; Sirois 

and Barrie, 1999) and by number (55-85 %) in the Norwegian Arctic (Weinbruch et al., 2012). 

SSA are efficient CCN (Collins et al., 2013; Quinn et al., 2014) and can act as INP (DeMott et al., 

2016), resulting in complex sea ice-aerosol-cloud interactions in the Arctic (Browse et al., 2014). 

Gaseous sulfuric acid or sulfur dioxide associated with Arctic haze has been shown to react with 

SSA, resulting in sulfate formation and internally mixed SSA-sulfate particles (Hara, 2003; Hara 

et al., 2002a). While less commonly observed in the Arctic, reactions between gaseous HNO3 or 

N2O5 and SSA can also form mixed SSA-nitrate particles (Hara et al., 1999). These multiphase 

reactions result in chlorine (HCl, ClNO2, Cl2) liberation from SSA, contributing to atmospheric 

halogen chemistry (Barrie and Barrie, 1990; Hara et al., 2002c, 2002a; Sturges and Barrie, 1988) 

Given changing marine emissions coupled with transported pollution, it is important to understand 

aerosol chemical composition and heterogeneous processing to determine impacts on climate in 

the winter Arctic.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

 To improve our understanding of Arctic aerosol chemical mixing state under the changing 

radiation and sea ice conditions during the winter-spring transition (following polar sunrise), 

atmospheric particles were collected near Utqiaġvik (Barrow), Alaska during January and 

February 2014. Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-

EDX), Raman microspectroscopy, and scanning transmission X-ray microscopy with near-edge 

X-ray absorption fine structure spectroscopy (STXM-NEXAFS) were utilized to characterize 

individual particle chemical composition and mixing state. To our knowledge, these are the first 

measurements of individual particle chemical composition in the Alaskan Arctic during winter. 

The relative contributions of regional Arctic haze and SSA on the aerosol budget during this 
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winter-spring transition were examined, and the mixing states of individual aerosol particles were 

evaluated to examine atmospheric aging by multiphase reactions forming sulfate and nitrate. 

3.2 Methods 

Atmospheric particle sampling was conducted from January 23-28 and February 24-28, 2014 

near Utqiaġvik (Barrow), Alaska at a tundra field site (71.28° N, 156.64° W) located ~5 km inland 

from the Arctic Ocean. Ozone concentrations and meteorological data, including wind speed, wind 

direction, and solar radiation, were obtained from the NOAA Barrow Observatory (71.32° N, 

156.61° W), located 5 km to the northeast of the sampling site and separated only by flat tundra. 

Atmospheric particles were collected using a rotating micro-orifice uniform deposition impactor 

(MOUDI, MSP Corp., model 110) sampling at 30 LPM through a 10 µm cut-point cyclone (URG-

2000-30EA) located ~2 m above the snow surface. 50 % particle collection efficiency size cuts for 

the six MOUDI stages used were 3.2, 1.8, 1.0, 0.56, 0.32, and 0.18 µm aerodynamic diameter (Da). 

Particles were impacted on transmission electron microscopy grids (Carbon Type-B film copper 

grids, Ted Pella, Inc.) and silicon substrates (Ted Pella, Inc.) for SEM analysis, and quartz 

substrates (Ted Pella, Inc.) for Raman microspectroscopy analysis. Particle samples were stored 

frozen prior to analysis to keep near the ambient temperature at collection. Samples selected for 

analysis were collected for ~24 h on January 24-25 (10:15-10:00 AKST) and January 27-28 (11:00-

10:30 AKST), ~18 h on January 26 (11:00-17:15 AKST), ~12 h on February 26 day (9:00-19:30 

AKST), February 26 night (19:45-8:30 AKST), February 27 day (9:00-19:30 AKST), and February 

27 night (20:00-7:30 AKST). These time periods were characterized by wind directions of 75-225° 

such that the town of Utqiaġvik was not upwind during sampling. Polar sunrise occurred at 

Utqiaġvik on January 22, 2014. 

Computer-controlled SEM (CCSEM) analysis of individual atmospheric particles was 

completed using a FEI Quanta environmental SEM with a field emission gun operating at 20 keV 

with a high angle annular dark field (HAADF) detector (Laskin et al., 2006, 2012). An EDX 

spectrometer (EDAX, Inc.) collected X-ray spectra from elements with atomic numbers higher 

than Be (Z=4). 24,847 individual particles, typically ~1000 per sample, were analyzed by CCSEM-

EDX. A size distribution showing the number of particles analyzed by CCSEM-EDX is shown in 

Fig. 3.1. Morphological data, including projected area diameter (Dpa) and perimeter, were collected 

for each particle, in addition to the relative abundance of the following elements quantified from 
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the EDX spectra: C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe. Individual particle data were analyzed 

using K-means clustering of the EDX spectra (Ault et al., 2012; Axson et al., 2016b; Shen et al., 

2016). K-means cluster analysis resulted in 50 clusters, which were then grouped into five particle 

classes (fresh SSA, partially aged SSA, organic+sulfate aerosol, fly ash aerosol, and mineral dust 

aerosol), based on comparisons of cluster EDX spectra with particle classes identified in previous 

studies. Prior ambient aerosol CCSEM-EDX studies have established EDX spectral signatures for 

fresh and aged SSA (Ault et al., 2013c; Hara, 2003; Hara et al., 2002c), organic+sulfate aerosol 

(Allen et al., 2015; Laskin et al., 2006; Moffet et al., 2010b), fly ash (Ault et al., 2012), and mineral 

dust (Axson et al., 2016b; Coz et al., 2009; Creamean et al., 2016; Sobanska et al., 2003). 

 
Figure 3.1 The number of individual particles analyzed by CCSEM-EDX for each of the 16 log 
size bins. 

Individual particles from two MOUDI stages (1.0 – 1.8 and 0.56 – 1.0 µm aerodynamic 

diameter size ranges) for each of the seven samples were also analyzed by Raman 

microspectroscopy using a Horiba Scientific Labram HR Evolution spectrometer coupled with a 

confocal optical microscope (100x Olympus objective, 0.9 Numerical Aperture) equipped with a 

Nd:YAG laser source (50 mW, 532 nm) and CCD detector. A 600 groove/mm diffraction grating 

was used, yielding spectral resolution of 1.8 cm-1. The laser power was adjusted between 25 – 

100 % by varying a neutral density filter to prevent damage to the sample. Raman spectra were 
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obtained over the 500-4000 cm-1 range for ~300 particles. Spectra were compared with prior 

Raman studies of nascent and reacted sea spray aerosol (Ault et al., 2013b, 2014). 

Beamline 5.3.2 on the Advanced Light Source at Lawrence Berkeley National Laboratory 

(Berkeley, CA) was used for STXM-NEXAFS analysis over the carbon k-edge (280-320 eV), as 

previously described by Moffet et al. (2010a). Briefly, X-rays from the synchrotron were energy-

selected using a monochromator, focused on the sample, and raster scanned across a selected area. 

The sample was rescanned at closely spaced X-ray energies to complete a spectral image stack. 

After the X-ray spectra were converted to optical density using the Beer-Lambert law, STXM-

NEXAFS maps were generated to show the distribution of organic carbon, soot, and inorganic 

components in individual aerosol particles, based on the X-ray absorptions at 288.5 eV, 285.4 eV, 

and 283 eV, respectively. 290 particles from the February 26 night sample (0.10 - 0.18 µm Da) 

were analyzed for detection of organic carbon. Dpa was measured by CCSEM-EDX, Raman, and 

STXM-NEXAFS; therefore, is the parameter reported for all data herein. Dpa is often larger than 

geometric diameter due to particle deformation upon impaction (Hinds, 2012; O’Brien et al., 2014; 

Sobanska et al., 2014), indicating that particle size reported here is an upper bound and could 

represent smaller diameter in the atmosphere. 

3.3 Results and Discussion 

3.3.1 Chemical Composition and Size Distribution of Observed Particle Types 

Five individual particle classes, including fresh sea spray aerosol (SSA), partially aged 

SSA, organic+sulfate particles, fly ash, and mineral dust particles, were identified from the 

CCSEM-EDX data (Fig. 3.2). SSA (both fresh and partially aged) and organic (with and without 

sulfate) particles were the most commonly observed types, indicating that mixing of sulfate with 

SSA and organic aerosol may be significant in the winter Arctic. Fresh and partially aged SSA 

comprised 99 %, by number, of the observed supermicron particles (1.0-7.5 µm Dpa) (Fig. 3.3). 

Across the submicron size range (0.1-1.0 µm Dpa), the majority of particles were also SSA (50-75 

%, by number) (Fig. 3.3). The prevalence of SSA particles, even in the winter, may be a result of 

changing conditions in the Arctic, with previous work showing local SSA influence in Utqiaġvik, 

AK from nearby sea ice leads, even during winter (May et al., 2016b). Organic particles (with and 

without sulfate) were also a significant fraction (25 – 50 %, by number) of submicron particles. 

Only a limited fraction of particles (~ 1 % by number across the entire size range) were classified 
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as fly ash or mineral dust, characterized by silicon and oxygen, with trace amounts of aluminum, 

sodium, and iron (Coz et al., 2009; Sobanska et al., 2003). 

 

Figure 3.2 Representative SEM images and EDX spectra of individual particles corresponding to 
the main particle types observed by CCSEM-EDX, and the average EDX spectrum for each 
particle type. Average spectra show the relative peak areas of all elements analyzed by CCSEM-
EDX. (a) Fresh SSA particle comprised of sodium chloride core (red) and magnesium chloride 
shell (black). The spectrum for the core is offset for clarity. (b) Partially aged SSA particle 
containing sodium and more sulfur than chlorine. (c) Organic+sulfate particle. (d) Organic+sulfate 
particle on silicon substrate. (e) Aluminum- and silicon- containing dust particle. *Carbon and 
oxygen peaks include some signal from TEM grid substrate background for particles a, b, c, and 
e. Aluminum and silicon peaks are due to sample holder and silicon substrate background, 
respectively, for particle d. 
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Figure 3.3 Size-resolved CCSEM-EDX number fraction distributions of observed particle types 
for all samples. Particles were sorted into 16 bins (logarithmic) from 0.1 to 10.0 µm projected area 
diameter (8 bins per decade). Organic+sulfate class includes a small fraction of internally mixed 
soot. 

Particles classified as fresh SSA, based on grouping by chemical composition by K-means 

analysis, contained sodium, magnesium, sulfur, and chlorine in similar mole ratios (Table 3.1) to 

those found in seawater (Cl/Na = 1.2, Mg/Na = 0.11, S/Na = 0.06) (Pilson, 2013; Quinn et al., 

2015), indicating these particles had not undergone chemical aging processes during atmospheric 

transport. Some SSA particles were observed with a sodium chloride core and magnesium chloride 

outer coating (Fig. 3.2), which is likely due to the particle undergoing efflorescence after collection 

(Ault et al., 2013a); this morphology has been previously observed for Arctic SSA particles (Chi 

et al., 2015). The partially aged SSA particles contained sulfur and/or nitrogen and were 

characterized by Cl/(Na+0.5Mg) ratios of less than 1 (Laskin et al., 2012).  This indicates that 

multi-phase reactions had occurred releasing chlorine-containing trace gases, primarily 

hydrochloric acid (Gard et al., 1998; Laskin, 2003; Laskin et al., 2002), resulting in the formation 

of sulfate and nitrate in the particles. SSA chemical mixing state information is further discussed 

in Sec. 3.3.2. SSA aging was observed for few 1.0-7.5 µm particles (7 %, by number, aged SSA 

and 90 % fresh SSA), with a greater fraction of submicron 0.1-1.0 µm SSA particles having 

undergone aging (18 %, by number, aged SSA and 42 % fresh SSA) (Fig. 3.3). Compared to 
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supermicron particles, submicron particles have longer atmospheric lifetimes, a smaller Cl 

reservoir, and greater surface area to volume ratios, which are conducive to increased atmospheric 

processing (Ault et al., 2014; Hara et al., 2002c; Leck et al., 2002; Williams et al., 2002). While 

concentrations of sulfur- and nitrogen-containing gases are lower in the Arctic winter compared to 

the peak of spring haze season, allowing for SSA particles to remain chemically fresh further from 

the emission point, aged SSA particles have also been observed during winter at Svalbard (Hara et 

al., 1999, 2002c). Overall, fresh and aged SSA were significant contributors to the winter Arctic 

aerosol budget (Fig. 3.3). This observation is consistent with studies of annual Arctic aerosol trends 

that have shown a large influence of SSA in the winter by mass: constituting up to 40 % of 

supermicron mass at Barrow (Quinn et al., 2002) and 60-90 % of 0.5-10 µm particles, by number, 

for winter samples at Svalbard (Weinbruch et al., 2012). 

Organic particles, classified by K-means analysis, were characterized by spherical 

morphology and carbon and oxygen in the single particle EDX spectra. Since there is background 

C and O EDX signal from the TEM grid substrate film, the contribution of C and O to this particle 

class was confirmed by CCSEM-EDX analysis of 110 particles that had been collected 

simultaneously on silicon substrates that do not have these interferences. Figure 3.2 shows the 

representative EDX spectra of organic particles analyzed on TEM grids and silicon substrates for 

comparison. Sulfur was present in 47 %, by number, of organic particles, at levels of at least 2% 

atomic content in the EDX spectrum; therefore, these organic particles will be discussed together 

as an organic+sulfate particle class (Laskin et al., 2006; Moffet et al., 2010b). Example 

organic+sulfate particles are shown in Fig. 3.2c and d. Organic+sulfate particles were primarily 

observed in the submicron size range (Fig. 2). Overall, 40-50 % of the particles 0.1 - 0.5 µm in 

diameter and 15 - 25 % of the particles 0.5 – 1.0 µm, by number, were classified as organic+sulfate 

(Fig. 3.3). The detailed chemical mixing states of these organic+sulfate particles will be discussed 

in Sect. 3.3.3. The presence of a large number fraction of submicron organic+sulfate particles is 

consistent with previous winter-spring Arctic studies, which have observed organic particles 

contributing up to 30 % of submicron aerosol by mass and greater than 80 %, by number, at Barrow 

(Hiranuma et al., 2013; Shaw et al., 2010) and greater than 80 %, by number, of 0.1-0.5 µm 

(aerodynamic diameter) particles at Svalbard (Weinbruch et al., 2012). Internal mixing of organic 

and sulfate aerosol has previously been observed in the Arctic winter-spring at Svalbard, with most 

0.2-2.0 µm (aerodynamic diameter) organic particles containing sulfate (Hara et al., 2002b). 
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Internally mixed organic+sulfate aerosol is now being observed across the Arctic during the winter, 

highlighting the importance of considering sulfate mixing states during this period.  

3.3.2 Internal Mixing of SSA with Sulfate and Nitrate 

Raman microspectroscopic analysis of individual aged SSA particles confirmed that the 

sulfur and nitrogen detected by EDX in SSA were in the forms of sulfate and nitrate, respectively, 

based on the presence of sharp peaks corresponding to characteristic symmetric stretches at ~1000 

cm-1 for νs(SO42-) and ~1050 cm-1 for νs(NO3-) (Fig. 3.4) (Ault et al., 2014; Deng et al., 2014; Eom 

et al., 2016). In addition, these particles were characterized by broad peaks in the 3000-3500 cm-1 

range (Fig. 3.4), corresponding to O–H stretching, likely due to particle-phase water (Ault et al., 

2014), confirmed by the frequency of the νs(NO3-)(aq) mode at ~1050 cm-1. Raman C-H stretching 

peaks in the 2800-3000 cm-1 range indicated that organic compounds were present in both fresh 

and aged SSA (Ault et al., 2013b; Baustian et al., 2012; Eom et al., 2016); the organic functional 

groups are discussed further in Chapter 4. 
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Figure 3.4 Optical images and Raman spectra of three representative SSA particles containing 
nitrate and/or sulfate and hydroxyl groups. A total of ~300 individual particles were analyzed by 
Raman microspectroscopy. *790-796 cm-1 peak is due to quartz substrate background. Scale bar 
for all images is 5 µm. 

Based on the CCSEM-EDX analysis, SSA aging by sulfur species (e.g. sulfuric acid) was 

more prevalent than aging by nitrogen species (e.g. nitric acid) in the submicron size range, 

consistent with previous measurements of SSA during Arctic haze periods in the Norwegian Arctic 

(Hara et al., 2002c). 73 % of partially aged SSA, by number, in the 0.1-1.0 µm size range contained 

secondary sulfate. This was determined by a S/Na ratio at least 25 % greater than the seawater 

molar ratio 0.06 (Pilson, 2013), with these particles having an average S/Na ratio of 1.07 (Table 

3.1). In comparison, only 22 % of 0.1-1.0 µm particles contained nitrate (Table 3.1). The diffusion 

limited uptake of SO2 in submicron particles is favored over the thermodynamically controlled 

uptake of HNO3, resulting in a preference for sulfate in submicron aged SSA (Kerminen et al., 

1998; Liu et al., 2007; Zhuang et al., 1999). However, sulfate was also more prevalent than nitrate 
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in supermicron SSA (Table 3.1), where kinetically favorable uptake of HNO3 would be expected 

to dominate, suggesting higher concentrations of H2SO4, compared to HNO3, influenced particle 

aging. The prevalence of SSA aging by sulfur species near Utqiaġvik is consistent with the 

appearance of springtime Arctic haze, as 30 % of submicron particle mass corresponds to sulfate 

during haze season (January to May) (Quinn et al., 2002, 2007). Sulfate mass concentrations peak 

in winter-spring near Utqiaġvik, while methanesulfonic acid mass is greatest in the summer and 

has not been observed during winter months (Quinn et al., 2007). Therefore, the prevalence of 

mixed SSA-sulfate suggests that reactions with sulfuric acid from Arctic haze are an important 

source of SSA sulfate (Barrie and Barrie, 1990; Hara et al., 2002c). SSA aging through sulfate 

addition was likely also due to influence from Prudhoe Bay SO2 emissions (Gunsch et al., 2017; 

Peters et al., 2011), discussed further in Sec. 3.3.4.  

Table 3.1 Size resolved number fractions of individual fresh SSA, partially aged SSA, and 
organic+sulfate particles containing Cl, S, and N, in addition to average atomic (mole) ratios of 
Cl/Na, S/Na, and N/Na for individual fresh and partially aged SSA. 

Particle class and 
size range 

Number 
fraction 

containing Cl 

Number 
fraction 

containing S 

Number 
fraction 

containing N 

Average 
Cl/Na 

Average 
S/Na 

Average 
N/Na 

Fresh SSA 
(0.1 – 1.0 µm) 

1.0 0.15 0.15 0.98 0.05 0.04 

Fresh SSA 
(1.0 – 10 µm) 

1.0 0.18 0.10 1.26 0.05 0.04 

Partially aged SSA 
(0.1 – 1.0 µm) 

0.07 0.73 0.22 0.04 1.07 0.25 

Partially aged SSA 
(1.0 – 10 µm) 

0.38 0.81 0.52 0.24 1.53 0.95 

Organic+sulfate 
(0.1 – 1.0 µm) 

--- 0.46 0.13 --- --- --- 

Organic+sulfate 
(1.0 – 10 µm) 

--- 0.87 0.60 --- --- --- 

3.3.3 Organic Particle Mixing States 

Organic particles and internally mixed organic+sulfate particles composed a significant 

number fraction of submicron particles, which is consistent with the presence of organic aerosol, 

sulfuric acid, and ammonium sulfate in Arctic haze (Hara et al., 2002b; Hirdman et al., 2010). 
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STXM-NEXAFS indicated the presence of organic carbon in these particles, based on X-ray 

absorption at 288.5 eV, characteristic of carboxylic acids (Moffet et al., 2010a). Additionally, 

STXM-NEXAFS analysis confirmed that organic and inorganic (likely sulfate, based on sulfur 

detected during CCSEM-EDX analyses) components were internally mixed within individual 

particles (Fig. 3.5), with particles showing an internal mix of both inorganic dominant (> 50 %) 

and organic dominant regions. The pre-post edge ratio of inorganic to organic components also 

indicated that most analyzed particles contained both inorganic and organic species (Fig. 3.5). 

Raman analysis confirmed sulfur was present in the form of sulfate. Nitrogen (nitrate, according 

to Raman analysis) was also present in 15 % of 0.1 – 1.0 µm organic+sulfate particles, by number. 

 
Figure 3.5 Representative STXM/NEXAFS map from February 26 night showing a) the 
distributions of inorganic dominant (blue, > 50 % by mass), organic carbon dominant (green, > 50 
% by mass), and soot (red, sp2 > 35 %) and b) the ratio of inorganic (pre-) and organic (post-edge) 
components between populations of individual particles sampled during a period with a high 
fraction of organic+sulfate particles. 
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Chemical mixing state analysis determined that a small fraction of particles classified as 

organic+sulfate (7 % of this particle class, by number) by CCSEM-EDX were primarily carbon-

containing particles with less than 5 % oxygen and sulfur. For the February 26 night sample 

analyzed by STXM-NEXAFS, elevated levels of sp2 carbon, indicative of soot, were observed in 

some particles (Fig. 3.5) (Moffet et al., 2010a). These small soot particles observed by STXM-

NEXAFS were likely members of the “primarily carbon” group identified by CCSEM-EDX and 

were internally mixed with organic carbon and inorganic species (likely sulfate, based on sulfur 

detected during CCSEM-EDX analyses). Therefore, these particles were included in the 

organic+sulfate class.  Externally mixed soot particles, comprised solely of elemental carbon with 

no organic or sulfate component, were not observed in any sample, indicating that all soot was 

internally mixed with organic+sulfate particles. Soot present in Arctic haze (Law and Stohl, 2007; 

Quinn et al., 2007) has previously been observed to be internally mixed with sulfate for winter-

spring Arctic aerosol, with soot-sulfate particles contributing ~ 10-20 % of observed particles 

sampled (<2.0 µm), by number, at Svalbard (Hara, 2003).  

3.3.4 Influence of Marine- and Prudhoe Bay-Influenced Air Masses on Particle Composition 

There was no clear dependence or trend with wind speed or month (Jan. vs. Feb.) for SSA 

S/Na or Cl/Na ratios, with average wind speeds ranging from 5 – 12 m/s for the selected sampling 

periods, but some variability in particle composition between samples could be attributed to the 

influence of different air masses. Though all samples experienced some degree of Arctic Ocean 

air mass influence due to the sampling location and prevailing wind direction from the north over 

the Beaufort Sea to the sampling site, using NOAA HYSPLIT 48 h backward air mass trajectory 

analysis two main air mass source regions (Arctic Ocean and Prudhoe Bay influence) were 

determined for the seven analyzed sample periods. Most notably, the February 26 day sample was 

influenced by air from the north and east over the Arctic Ocean within the boundary layer for the 

6-7 h prior to arrival at the sampling site, whereas the January 27 sample had prolonged surface 

influence (18 h) along the air mass trajectory from the east/southeast, during which the air mass 

passed over Prudhoe Bay, the third largest oilfield in North America (U.S. Energy Information 

Administration, 2015) (Fig. 3.6). Prudhoe Bay influence was determined by HYSPLIT trajectories 

that passed within 1 degree (~50 km) of the Prudhoe Bay emissions box, described in Kolesar et 

al. (2017) as the area significantly influenced by combustion emissions from the oilfields. The air 

mass trajectories for the remaining samples (January 24, January 26 day, February 26 night, 
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February 27 day, February 27 night) fell in between the two regions (Arctic Ocean and Prudhoe 

Bay influence). 

 
Figure 3.6 Size-resolved number fractions of observed particle types (CCSEM-EDX) for example 
a) Arctic Ocean (February 26 day, 4490 particles) and b) Prudhoe Bay (January 27, 1475 particles) 
influenced sample periods. Air mass influence is shown for c) February 26 day and d) January 27 
as determined by NOAA HYSPLIT 48 h backward air mass trajectories. Both ensemble (dotted 
line) and single representative trajectories are shown. Color scale indicates air mass altitude, and 
markers are placed at 6 h intervals. Red line shows extent of Prudhoe Bay emissions influence box 
(Kolesar et al., 2017). Yellow diamond indicates sampling site near Utqiaġvik. 
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Comparison of particle type contributions as a function of size for the representative Arctic 

Ocean influenced (February 26 day) and Prudhoe Bay influenced (January 27) samples are shown 

in Fig. 3.6 (with results of additional samples shown in Fig. 3.7). The Arctic Ocean influenced 

sample was characterized by a large fraction (95 %) of fresh SSA in the 1.0 – 7.5 µm size range. 

In comparison, the Prudhoe Bay influenced sample was characterized by 55 % fresh SSA and 40 

- 45 % partially aged SSA, by number, in the supermicron range. This is indicative of multiphase 

reactions between SSA and gaseous emissions from combustion at the oilfields (e.g. SO2, NOx) 

(Gunsch et al., 2017; Jaffe et al., 1991; Peters et al., 2011), contributing to a greater number fraction 

of aged SSA during Prudhoe Bay influenced periods. The Prudhoe Bay influenced sample also 

had a greater number fraction of organic+sulfate particles in the 0.1-0.5 µm range (60 - 70 %) 

compared to the Arctic Ocean influenced sample (40 – 50 %). Given that organic+sulfate particles 

were a significant fraction of submicron particles in all samples, including ocean-influenced 

periods, these samples were likely influenced by long-range transported pollution from the mid 

latitudes, consistent with regional background haze (Quinn et al., 2007). However, it is likely that 

gas-particle partitioning of oxidation products from Prudhoe Bay oilfield combustion emissions, 

including volatile organic compounds and SO2 (Gunsch et al., 2017; Jaffe et al., 1991; Peters et 

al., 2011), also results in the formation of organic+sulfate particles, including particles internally 

mixed with soot (Sect. 3.3), contributing to the increased number fraction of organic+sulfate 

particles observed during Prudhoe Bay influenced periods.  
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Figure 3.7 Size-resolved number fractions of particle types for additional sample periods not 
shown in Figure 3.6. Particles were sorted into 16 log size bins. 

3.4 Conclusions 

For atmospheric particles collected in January and February 2014 near Utqiaġvik, Alaska, 

SSA was observed to be the most prevalent particle type, composing 50-75 % and 99 %, by 

number, of particles in the 0.1-1.0 µm and 1.0-7.5 µm projected area diameter ranges, respectively. 

Internal mixing of sulfate and nitrate with SSA particles was observed in all samples, regardless 

of air mass influence, suggesting prevalent regional pollution, such as Arctic haze influence, for 

secondary inorganic aerosol formation. Prudhoe Bay influenced air masses were characterized by 

higher number fractions of partially aged SSA, however, suggesting that oilfield emissions also 

contribute significantly to multiphase reactions with SSA. Most global and regional climate 

models assume that Arctic haze components (sulfate, organic aerosol, black carbon) and natural 

aerosols are externally mixed and do not predict climate impacts of internally mixed species 

(Alterskjr et al., 2010; Eckhardt et al., 2015; Korhonen et al., 2008). However, no externally mixed 
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sulfate or sulfuric acid particles were observed during January or February sampling in Utqiaġvik, 

Alaska; all sulfate was internally mixed with organic aerosol particles or with SSA. Internal mixing 

of SSA and sulfate reduces CCN efficiencies compared to externally mixed sulfate aerosol or SSA, 

as sodium sulfate is less hygroscopic than sodium chloride or sulfuric acid (Gong and Barrie, 2003; 

Petters and Kreidenweis, 2008). The prevalence of SSA internally mixed with sulfate should be 

considered in the interpretation of elevated sulfate concentrations in the winter-spring Arctic 

atmosphere (Hara et al., 2002a; Sirois and Barrie, 1999; Sturges and Barrie, 1988). 

While SSA comprised 50-60 % of 0.1 – 0.5 µm particles, by number, organic+sulfate 

particles made up 40-50 %, by number, in this particle diameter range and were present in similar 

number fractions in all samples, suggesting the importance of Arctic haze as a source of submicron 

particles in January and February in Utqiaġvik, Alaska. Internal mixing of sulfate and nitrate with 

organic aerosol is consistent with previous single particle measurements at Svalbard, where 

organic aerosol mixed with sulfate and nitrate was observed to be the dominant particle type in the 

submicron size range in the winter and spring (Weinbruch et al., 2012). Weinbruch et al. (2012) 

also observed soot particles internally mixed with organics, sulfate, and nitrate, consistent with the 

small fraction of internally mixed organic+sulfate and soot particles (~2 – 3 % of total observed 

particles, by number) observed in this study. The internal mixing of sulfate with organic aerosol is 

important to consider in climate predictions, as the CCN activity of internally mixed 

organic+sulfate aerosol is reduced relative to externally mixed sulfate, due to the lower 

hygroscopicity of the organic fraction (Petters and Petters, 2016; Wang et al., 2015b).  Continuing 

oil and gas development in the Arctic region will influence both SSA and organic aerosol 

composition (Peters et al., 2011), as well as mixing state, due to secondary inorganic aerosol 

formation. 
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 Wintertime Arctic Sea Spray Aerosol Composition Controlled by Sea Ice Lead 
Microbiology 

 

4.1 Introduction 

With rapidly declining Arctic sea ice extent and increasing open water (Haine and Martin, 

2017), SSA emissions are predicted to be increasing (Struthers et al., 2011). Notably, even 

wintertime coastal sea ice in the Arctic is drastically decreasing as a result of sea ice freeze-up 

delays in the Bering, Chukchi, Barents, and East Greenland Seas (Beitler, 2017). Thick multi-year 

sea ice is being replaced by thinner first-year ice, which is more susceptible to fracturing and 

forming leads, open areas of water surrounded by ice (Richter-Menge and Farrell, 2013). During 

Arctic winter, fresh (nascent) SSA comprises a significant aerosol fraction: up to 40 % and 25 % 

of supermicron and submicron aerosol mass (Quinn et al., 2002), and up to 90 % and 50 % of 

supermicron and submicron aerosol number, respectively (Kirpes et al., 2018). While wintertime 

SSA was previously thought to primarily be transported long distances to the Arctic (Quinn et al., 

2002), recent work showed that leads contribute to local Arctic SSA emissions year-round (May 

et al., 2016b).  

SSA composition reflects the seawater surface microlayer (SML) (Ault et al., 2013c; Quinn 

et al., 2014), which is expected to be altered by changing marine productivity in the warming 

Arctic (Ardyna et al., 2014). In the open ocean, SSA are primarily generated by wave breaking 

processes resulting in bubble bursting at the ocean surface, creating film and jet drops that form 

SSA (Quinn et al., 2015). Wind-driven wave breaking processes also produce SSA in leads, at 

lower concentrations than in open water due to the reduced fetch (Leck et al., 2002; May et al., 

2016b; Nilsson et al., 2001; Scott and Levin, 1972). Supermicron SSA particles (> 1 µm, 2 µm 

mode) are primarily inorganic salts, but can also contain organic matter (Quinn et al., 2015). These 

inorganic salts are hygroscopic, with high efficiency of forming cloud droplets (Quinn et al., 2015). 

Submicron SSA particles (< 1 µm, ~200 nm mode) can be significantly enriched in organic matter 

(>50 %, by mass) that are in excess in the SML (Ault et al., 2013c; Facchini et al., 2008). SSA 

organic coatings can inhibit heterogeneous reactions of trace gases, inhibiting particulate chloride 
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depletion, and impacting trace gas budgets and atmospheric composition (Ault et al., 2014). 

Laboratory studies with ambient seawater show also suppression of SSA hygroscopicity and cloud 

condensation nuclei (CCN) activity by certain organics (Cochran et al., 2017; Collins et al., 2013), 

yet likely contribute to cloud ice nucleation (Wilson et al., 2015). Despite important climate 

implications for cloud formation and phase, and associated longwave radiative forcing (Graham 

et al., 2017), limited knowledge exists regarding ambient SSA organic coatings and the transfer of 

marine biogenic organics to the particle phase (Quinn et al., 2014), particularly for Arctic winter. 

While previous studies have primarily focused on marine biological activity during the 

Arctic summer, recent work has shown microalgal growth is initiated prior to the spring 

phytoplankton bloom period and under extremely low light conditions under sea ice (Assmy et al., 

2017; Hancke et al., 2018), including during sea ice covered periods (Arrigo et al., 2012; Mayot 

et al., 2018). The sea ice algae and bacteria present produce exopolymeric substances (EPS) as a 

cryoprotectant (Boetius et al., 2015; Krembs et al., 2002), with phytoplankton releasing it 

extensively (Vernet et al., 1998). Production of EPS is critical to sea ice algae survival through the 

winter (Krembs et al., 2011; Leu et al., 2015). Indeed, EPS have been observed in winter in both 

sea ice (Mayot et al., 2018; Niemi et al., 2011) and seawater (Niemi et al., 2011). In the high Arctic, 

aerosols produced from laboratory bubbling experiments in the summer pack ice showed 

enrichment of EPS-derived polysaccharides relative to the SML (Gao et al., 2012), with microgels 

and EPS-derived compounds also observed in the ambient aerosols (Leck et al., 2013). However, 

there is a critical knowledge gap in our understanding of wintertime aerosol sources and 

composition in the changing Arctic (Kirpes et al., 2018), particularly with increasing open water 

(Beitler, 2017). Therefore, atmospheric aerosols were collected near Utqiaġvik, Alaska in January 

and February 2014 for individual particle measurements of morphology, elemental composition, 

spatial distribution and quantity of organic material, and organic functional groups associated with 

marine biogenic compounds. This novel detailed characterization of individual SSA, and 

associated organic material, significantly improves our knowledge of Arctic SSA and connections 

to sea ice microbiology at a time of year when few aerosol measurements exist.  

4.2 Methods 

Atmospheric particles were collected near Utqiaġvik (Barrow), AK during January 24-27 

and February 26-27, 2014, at a tundra site ~5 km inland (71.17° N, 156.38° W), at a sampling 

height ~ 1.5 m above ground level. Sample collection times and meteorological parameters, 
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measured at the NOAA Barrow Observatory located 5 km upwind across flat tundra, are provided 

in Table 4.1. Particles were collected using a 10-stage rotating micro-orifice uniform deposit 

impactor (MOUDI, model 110, MSP Corp.) sampling at 30 L min-1 through a 10 µm cut point 

cyclone (URG-2000-30EA). Particles were impacted on silicon substrates (Ted Pella, Inc.) and 

aluminum foil substrates (MSP Corp.) for analysis by SEM-EDX, quartz substrates (Ted Pella, 

Inc.) for analysis by Raman microspectroscopy, and transmission electron microscopy (TEM) 

grids (Carbon Type-B Formvar film copper grids, Ted Pella, Inc.) for analysis by STXM-NEXAFS. 

Samples were stored frozen at −15 °C prior to analysis. Particles collected on two MOUDI stages 

with 50 % size cuts of 1.8 and 0.56 µm da, respectively, were analyzed in this work. 

 

Table 4.1 Aerosol sampling timing and meteorological conditions measured at the NOAA Barrow 
Observatory. 

 

For comparison to the winter SSA SEM-EDX analysis, atmospheric particles were 

collected at the same location during September 15 – 16 and 23 – 24, 2015. Samples were collected 

for ~ 8 h each using a three-stage microanalysis particle sampler (MPS, California Measurements, 

Inc) with aluminum foil substrates (MSP Corp.) on stages 1 and 2 (2.8 – 5.0 µm and 0.50 – 2.8 

µm, respectively) and TEM grids (Carbon Type-B Formvar film copper grids, Ted Pella, Inc.) on 

Sample name/date Sample Time 
(AKST) 

Sampling 
duration (h) 

Average wind speed 
(m s-1) 

Wind speed range 
(m s-1) 

January 24-25 10:16-10:02 24 12 8.6-14.9 

January 26 day 11:00-17:15 6.25 8 6.2-9.9 

January 27-28 10:55-10:30 23.5 6 3.9-8.1 

February 26-27 19:45-8:30 12.5 10 5.8-16.6 

February 27 8:50-19:30 10.5 12 8.5-15.3 

February 27-28 20:00-7:20 11.25 10 6.9-15.0 
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stage 3 (0.07 – 0.40 µm). Additional sampling details are described by Gunsch et al. (2017). 

Similar size particles were analyzed for the winter and summer samples (Fig. 4.1). 

 
Figure 4.1 Size distributions for the individual particles analyzed by CCSEM-EDX to determine 
carbon to sodium ratios and organic coating to salt core ratios, for winter and summer SSA. 

Individual particle analysis by computer-controlled SEM-EDX (CCSEM-EDX) was 

conducted using a FEI Nova 200 nanolab SEM/FIB operating at 15 kV accelerating voltage with 

a secondary electron detector. X-ray spectra from elements with atomic numbers greater than Be 

(Z>4) were detected with an EDX detector (EDAX, Inc.). For each substrate collected during the 

six winter sample periods, ~75-150 particles were analyzed by CCSEM-EDX to measure 

individual particle morphology (particle projected area, average diameter, and perimeter) and 

relative abundance of the following elements: C, N, O, Na, Mg, S, Cl, K, Ca, Ti, Fe, and Zn (Laskin 

et al., 2006). EDX has previously been shown to quantitatively reproduce SSA elemental ratios 

(Ault et al., 2013c). Carbon was below the detection limit on the Si wafer without particles, 

indicating that substrate contamination from C was not present in the particle spectra (Fig. 4.2). 

EDX can be slightly less sensitive to C, N, and O, compared to heavier elements, such that the C, 

N, and O percentages reported here represent lower limits (Laskin et al., 2006). Particle types 

present were determined by k-means clustering of the EDX spectra using a previously established 

method (Ault et al., 2012). 
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Figure 4.2 EDX spectrum of Si wafer background, showing no detectable contribution from 
carbon. 

SEM images of particles collected on aluminum foil substrates were used to measure 

individual SSA particle coating to core ratios for 77 winter particles from January 24, 2014, as 

well as 82 summer SSA particles collected at the same sampling location on September 16, 2015 

(Gunsch et al., 2017). SEM images of each sample were analyzed using ImageJ to determine the 

inorganic (bright core) and organic (dark coating) areas of each individual SSA particle (Fig. 4.3). 

The coating (primarily organic) to core (primarily inorganic) ratio was calculated by dividing the 

inorganic core area by the organic coating area.  

 
Figure 4.3 Representative SEM images of a) wintertime organic coated SSA particle on silicon, 
without outlines, and example b) wintertime, and c) summertime SSA particles on aluminum foil 
substrates, within insets highlighting representative particles. 
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Individual particles were analyzed by Raman microspectroscopy using a Horiba Scientific 

Labram HR Evolution spectrometer coupled with a confocal optical microscope (100x N.A. 0.9 

Olympus objective), Nd:YAG laser (50 mW, 532 nm), and CCD detector using a 600 groove/mm 

diffraction grating. Individual particle Raman spectra were collected over the 550-4000 cm-1 range, 

with a spectral resolution of ~1.8 cm-1, according to a previously established method (Craig et al., 

2017). Raman spectra of 88 submicron (0.32-0.56 µm da stage) and 212 supermicron (1.0-1.8 µm 

da stage) sampled SSA particles, identified based on morphology using the optical microscope, 

were compared to Raman spectra of ~50 standard organic compounds (Table 4.2), including 

saccharides, short chain fatty acids, long chain fatty acids, and amino acids representative of 

species present in the marine SML (Cochran et al., 2017). Linear combinations of up to two model 

Raman spectra (e.g., 69 % galactose + 31 % succinic acid) were fit to ambient SSA Raman spectra 

following the method of Cochran et al. (2017). Therefore, each particle spectrum could match to 

up to two organic compound types, for example, sucrose + fucose (saccharide + saccharide) or 

galactose + succinic acid (saccharide + short-chain fatty acid). Model linear combinations and 

ambient SSA spectra were compared by calculating χ2 values over the 800-1800 and 2600-3600 

cm-1 ranges. This analysis provides a value between zero (spectra are identical) and one (spectra 

have no correlation). Particle spectra matching each organic compound type were characterized 

by unique peaks corresponding to specific organic functional groups in the 850-1650 and 2700-

3500 cm-1 regions (Eom et al., 2016). Further discussion of peak assignments and χ2 best fit 

analysis is included in Section 4.3.3. The organic compounds corresponding to the best χ2 fit 

(smallest value) between model linear combinations and the ambient SSA spectrum are reported. 
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Table 4.2 List of standard compounds available for matching in the Raman spectra reference 
library (Cochran et al.). 

Saccharides Short chain fatty acids Long chain fatty acids Amino acids 

Acetylnearuaminic acid Adipic acid Avanti Lipid A Bovine Serum Albumin 

Arabinose Butyric acid DPPA Ethanolamine 

Arabitol Caproic acid DPPC Serine 

Dextrin Citric acid Myristic acid 
 

Fucose Malic acid Hexadecanol 
 

Galactose Decanoic acid Hydroxymyristic acid 
 

Glucose Docosanol Lauric acid 
 

Inulin Enanthic acid Oleic acid 
 

Laminarin Glutaric acid Palmitic acid 
 

LPS Hexanoic acid Stearic acid 
 

Mannitol Hydroxyhexanoic acid Tridecanoic acid 
 

Rhamnose Malonic acid Triolein triglyceride 
 

Sialic acid Nonanoic acid Tripalmitin triglyceride 
 

Sucrose Octanoic acid  
 

 Oxalic acid   

 Succinic acid   

 Valeric acid   

 

Individual particles from January 26 and February 26 – 27 samples were analyzed with the 

same Raman instrument for fluorescence analysis. Fluorescence spectra were collected from 540 

– 600 nm with 0.1 s acquisitions over a 50 x 50 µm area with 0.5 step size to create fluorescence 

intensity maps of individual particles (May et al., 2018a). 

STXM-NEXAFS analysis was conducted on approximately 150 particles total from the 

1.0-1.8 and 0.32-0.56 µm size ranges from two periods (January 26 11:00-17:15 AKST and 

February 26-27 19:45-8:30 AKST). Beamline 5.3.2.2 at the Advanced Light Source at Lawrence 
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Berkeley National Laboratory (Berkeley, CA) was used for STXM-NEXAFS analysis in a He 

filled chamber (~200 torr) of individual particles over the carbon K-edge (278-320 eV), following 

the method of Moffet et al. (2010). The pre- and post-edge optical densities at the carbon K-edge 

were used to determine the inorganic and organic portions of particles (Moffet et al., 2010a). X-

ray absorption at 288.6 eV, corresponding to the –COOH functional group, served as an indicator 

of organic carbon (Moffet et al., 2010a). The thickness of inorganic (NaCl) and organic portions 

were determined using the optical densities, calculated atomic cross sections for organic (adipic 

acid) and inorganic (sodium chloride) components, and assumed densities (ρOC=1.35 g/cm3, 

ρNaCl=2.16 g/cm3) (Collins et al., 2013). The organic volume fraction for each particle was 

calculated as the thickness of the organic portion over the total thickness of organic and inorganic 

portions (Collins et al., 2013; Pham et al., 2017). 

Organic coating thicknesses for submicron and supermicron particles were determined 

using average organic volume fractions of 0.45 based on STXM-NEXAFS analysis. The median 

aerodynamic diameter for the submicron (440 nm) and supermicron (1400 nm) particle size ranges 

collected were used to determine the total volume of a representative submicron and supermicron 

particle, assuming the particles (both core and shell) to be spherical. The inorganic volume was 

then determined, in order to calculate the organic coating thickness (difference between total 

volume and inorganic volume). A coating thickness of 9 %, or 130 nm for a supermicron (1400 

nm da) particle and 40 nm for a submicron (440 nm da) particle, was determined for particles with 

0.45 organic volume fractions. Atomic force microscopy was used to measure the degree of 

spreading for the winter SSA and showed an average spreading ratio (height/radius) of 2.3 ± 0.6. 

However, both the inorganic and organic components spread similarly, with spreading ratios for 

just the inorganic cores averaging 2.7 ± 0.6. Estimating the coating thickness with AFM using 

these measurements gave similar results to the estimations using STXM-NEXAFS organic volume 

fraction data. 

Surface (top 6 cm) snow samples were collected near the aerosol sampling site at the 

beginning of each sample period and over first year sea ice (15 km from the sampling site, ~ 3 km 

from open leads) on February 27, 2014. Samples were double-bagged in Whirl-pak low-density 

polyethylene bags and kept frozen at -40 °C. Immediately prior to analysis by ion chromatography, 

samples were placed in a refrigerator at ~6 °C to melt. Snow melt water was sampled into 200 µL 

sample injection loops with 1 mL syringes equipped with 0.22 µM PVDF filters. The ICS-1100 
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and ICS-2100 ion chromatographs were each equipped with a guard column (ICS-1100: CG12A-

5 µm (3 x 30 mm) IonPac; ICS-2100: AG18 4 mm (4 x 50 mm), Dionex), analytical column (ICS-

1100: CS12A-5 µm (3 x 150 mm) IonPac; ICS-2100: AS18 4 mm (4 x 250 mm), IonPac), 

suppressor (ICS-110: CSRS 500 (4 mm), ICS-2100: AERS 500 (4 mm), Dionex), and a heated 

conductivity cell (DS6, Dionex).  Methanesulfonic acid (20 mM) was used as eluent for the cation 

column, and a KOH gradient generated by an EGC III KOH system was used as eluent for the 

anion column.  All samples were run in triplicate, with average values and standard deviations 

reported herein. Limits of detection for the measured inorganic ions were 2.35 µM (Na+), 0.18 µM 

(NH4+), 0.15 µM (Ca2+), 0.12 µM (Mg2+), 0.087 µM (K+), 0.94 µM (Cl-), 0.25 µM (NO2-), 0.32 

µM (SO42-), 0.025 µM (Br-), and 0.11 µM (NO3-). 

4.3 Results and Discussion 

4.3.1 SSA Production from Open Leads 

A total of 1691 individual particles (0.32 – 0.56 and 1.0 – 1.8 µm aerodynamic diameter, 

da) from six sample periods (January 24 – 27 and February 26 – 27, 2014) were analyzed by 

computer-controlled scanning electron microscopy with energy dispersive X-ray spectroscopy 

(CCSEM-EDX) to determine individual particle morphology and elemental composition. Nearly 

all (86 % submicron and > 99 % supermicron particles, by number) of the collected particles were 

identified as SSA (Fig. 4.4), consistent with our previous measurements during this study (Kirpes 

et al., 2018). For the samples herein, 75 %, by number, of SSA were classified as nascent, based 

on the presence of Na and Cl in ratios similar to seawater (Kirpes et al., 2018).  An additional 25 

%, by number, of the SSA were classified as partially-aged based on the simultaneous enrichment 

of S and/or N and depletion of Cl, relative to seawater, and consistent with long-range transport 

(Kirpes et al., 2018). Given local Arctic production of nascent SSA (May et al., 2016b). the sources 

and composition of the nascent SSA are the focus of this study. 
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Figure 4.4 Digital color histograms showing the number fraction of spectra (particles) containing 
each element (bar height) at each EDX signal intensity range (color scale) for supermicron (a) and 
submicron (b) SSA particles. Al and Si are excluded due to interferences from the sample holder 
and substrate, respectively. 

SSA production from open leads (Fig. 4.5) is supported by the presence of nearby open 

leads on all sampling days; the closest upwind leads were within 4 h of atmospheric transport time 

to the sampling site, according to satellite and local sea ice imagery, combined with backward air 

mass trajectories (Fig. 4.6, 4.7).  In recent years, open leads have persisted throughout the winter 

near Utqiaġvik (Beitsch et al., 2014; Hirano et al., 2018; Johnson and Eicken, 2016; May et al., 

2016b; Wernecke and Kaleschke, 2015). Consistent with lead-based SSA production at elevated 

wind speeds (> 4 m s-1) (Leck et al., 2002; May et al., 2016b; Nilsson et al., 2001; Scott and Levin, 

1972), all samples were collected during periods of wind speeds greater than or equal to 4 m s-1 

(average wind speeds of 6 – 12 m s-1), and four samples were collected during sustained periods 

of high wind speeds (6 – 17 m s-1) (Table 4.1). While nascent SSA were observed in all samples, 

the samples with the greatest number fractions of nascent SSA relative to partially aged SSA had 

the greatest near-surface (< 70 m above sea level) air mass transport over the ice-fractured Arctic 

Ocean (Kirpes et al., 2018). All samples had air mass back trajectories influenced by the central 

Arctic Ocean, as shown in previous work (Kirpes et al., 2018). Average elemental mole ratios of 

Mg/Na, S/Na, and Cl/Na for individual SSA particles were similar to seawater ratios (Fig. 4.6, 
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Table 4.3) (Pilson, 2013). These elemental ratios have been observed previously for laboratory-

generated SSA (Ault et al., 2013c) and are consistent with aerosol production from the nearby 

open leads (Leck et al., 2002; May et al., 2016b). Based on the low concentrations of sulfur- and 

nitrogen-containing trace gases in the winter Arctic (Sander and Bottenheim, 2012), nascent SSA 

in the sub- and supermicron size ranges could be transported from these leads with little influence 

from multiphase aging reactions altering particle chemical composition.  

 

Figure 4.5 Sea spray aerosol generation from open sea ice leads. Sea spray aerosol is produced 
via bubble bursting from open leads, resulting in individual atmospheric particles containing 
inorganic salts coated by organic material originating from biogenic organic matter present in the 
seawater surface microlayer, likely from sea ice algae, bacteria, and phytoplankton. 
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Figure 4.6 Observations of open leads and wintertime SSA composition. a) MODIS satellite 
imagery from February 26, 2014 (NASA Worldview) shows open leads near Utqiaġvik, Alaska. 
Locations of the town, NOAA Observatory, and aerosol sampling location are shown. The black 
line shows 8 h of a NOAA HYSPLIT backward air mass trajectory (February 26, 2014 20:00 
AKST; 50 m altitude at the sampling site) passing over the closest open leads before arriving at 
the site. The air mass traveled ~ 60 km from open leads to the northeast. b) CCSEM-EDX average 
individual SSA particle elemental mole ratios compared to literature values for seawater (Pilson, 
2013). Error bars denote 95 % confidence intervals. 

 
Figure 4.7 Representative Utqiaġvik (Barrow) coastal radar images showing the open lead present 
during each aerosol sampling period. The green region indicates land extent, and the white regions 
are sea ice. The lead was open for the duration of all samples. Images were obtained from the 
University of Alaska, Fairbanks Sea Ice group (http://seaice.alaska.edu/gi/data/barrow_radar). 
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At high wind speeds, blowing snow and frost flowers have also been hypothesized to result 

in lofted SSA (Douglas et al., 2012; Jacobi et al., 2012). However, particles produced by 

aerosolization of blowing snow or frost flowers can be distinguished from nascent SSA based on 

chemical composition, characterized by S/Na depletion (blowing snow and frost flowers) and 

Mg/Na enrichment (blowing snow) compared to seawater (Table 4.3) (Douglas et al., 2012; Jacobi 

et al., 2012). Notably, during this study, there was no dependence of individual SSA S/Na or 

Mg/Na mole ratios on wind speed (Fig. 4.8), a trend which would be expected for a wind-

dependent blowing snow or frost flower source. Further, sub- and supermicron SSA elemental 

ratios are not consistent with simultaneously measured tundra and sea ice surface snow or previous 

measurements of blowing snow and frost flowers (Douglas et al., 2012; Jacobi et al., 2012), making 

them unlikely sources. Recent work has also determined frost flowers to be unlikely to produce 

aerosol under high wind conditions (Roscoe et al., 2011; Yang et al., 2017). While supermicron 

SSA Ca/Na and Mg/Na ratios were similar to seawater, submicron SSA were more enriched in 

calcium and magnesium than both seawater and surface snow, as shown in Fig. 4.6. Calcium and 

magnesium enrichment in submicron SSA is also suggestive of the presence of EPS as assembled 

gels bound by divalent cations (Ca2+; Mg2+) (Jayarathne et al., 2016; Orellana and Leck, 2014).  

Therefore, the nascent SSA observed is consistent with SSA production from local open sea ice 

leads, as we previously observed through multi-year bulk aerosol measurements at Utqiaġvik from 

fall – spring (May et al., 2016b). Our observation herein further highlights the year-round nature 

of SSA emissions in the Alaskan Arctic from open water, including leads. 

In addition to the comparison of SSA particle average elemental ratios and seawater ratios 

shown in Fig. 4.6, CCSEM-EDX particle composition was also compared to ratios, determined by 

IC, for surface snow collected during the sampling study (Table 4.3). Comparisons were also made 

to blowing snow and frost flower composition, determined previously near Utqiaġvik (Douglas et 

al., 2012; Jacobi et al., 2012). Average mole ratios measured for surface snow (top 6 cm) collected 

on February 27 at 11:00 AKST for Mg2+/Na+ and SO4-/Na+ were compared to seawater ratios 

(Pilson, 2013) (Table 4.3), as blowing snow near Utqiaġvik, AK has been previously characterized 

by sulfate depletion and magnesium enrichment compared to seawater (Jacobi et al., 2012). 

Similarly, frost flowers are also characterized by sulfate depletion compared to seawater (Douglas 

et al., 2012); however, recent studies have shown frost flowers are not a likely source of SSA 

(Yang et al., 2017). Previous studies of frost flower composition determined ion ratios for 
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Mg2+/Na+, SO42-/Na+, and Cl-/Na+ (Douglas et al., 2012). Supermicron SSA particles had 

composition close to seawater ratios (Table 4.3). These supermicron SSA particles were slightly 

depleted in S compared to seawater and surface snow composition, but not depleted to the levels 

previously observed for blowing snow or frost flowers (Douglas et al., 2012; Jacobi et al., 2012). 

Further, supermicron SSA had Mg/Na ratios most similar to seawater. While the submicron SSA 

showed slight Mg enrichment above the seawater ratio, submicron S/Na ratios were similar to 

seawater and did not show sulfate depletion expected for frost flowers or blowing snow (Douglas 

et al., 2012; Jacobi et al., 2012), or when compared to measured sea ice surface snow and tundra 

snow (Table 4.3). Average SSA Cl/Na ratios for both sub- and supermicron particles were also 

closer to seawater than frost flower composition and local tundra and sea ice surface snow 

composition (Table 4.3). Surface snow measured in this study was enriched in calcium. While 

submicron SSA particles showed enhancement in calcium, with an average, supermicron particles 

had an average Ca/Na ratio similar to the seawater ratio. The presence of mineral dust in snow 

could influence snow composition, however, mineral dust and fly ash comprised less than 1 % of 

the observed aerosol, by number, during this sampling period, and no supermicron dust was 

observed (Kirpes et al., 2018). Overall, SSA particle composition was close to seawater and did 

not consistently exhibit trends expected for blowing snow or frost flower sources for all elements 

or across size ranges. Therefore, the observed individual SSA composition is consistent with SSA 

production from open leads rather than production from blowing snow or frost flowers.  

Table 4.3 SSA particle composition and snow composition. Snow, frost flower, and seawater ion 
ratios and aerosol particle elemental ratios and 95 % confidence intervals. 

Sample Type Mg2+/Na+ Or 
Mg/Na Mole 

Ratio 

SO42+/Na+ Or 
S/Na Mole 

Ratio 

Cl-/Na+ Or 
Cl/Na Mole 

Ratio 

Ca2+/Na+ Or 
Ca/Na Mole 

Ratio 

Reference 

Submicron SSA 
(average) 

0.17 ± 0.02 0.05 ± 0.01 1.08 ± 0.03 0.085 ± 0.007  

Supermicron SSA 
(average) 

0.12 ± 0.01 0.0330 ± 
0.0006 

1.19 ± 0.03 0.031 ± 0.004  

Seawater 0.11 0.06 1.16 0.022 Pilson, 2013 

Sea ice surface snow 0.12784 ± 
0.00002 

0.0360 ± 
0.0001 

1.223 ± 0.001 0.07030 ± 
0.00004 

 

Tundra surface snow  0.13 ± 0.09 0.061 ± 0.05 1.1 ± 0.8 0.06 ± 0.05  

Frost flowers 0.135 ± 0.005 0.016 ± 0.003 1.30 ± 0.03 0.0216 ± .0009 Douglas et al., 
2012 

Blowing snow 0.2 ± 0.1 0.02 ± 0.01 1.2 ± .9 0.05 ± 0.03 Jacobi et al., 
2012  
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 Previous work hypothesized a frost flower source for carbohydrate signatures detected in 

bulk winter – spring ambient aerosol samples at Utqiaġvik, AK under high wind and oceanic 

influence (Shaw et al., 2010). However, more recent work has shown frost flowers do not fracture 

to produce aerosol (Roscoe et al., 2011; Yang et al., 2017). In addition, our previous multiyear 

study examining sea salt aerosol (bulk aerosol IC measurements) as a function of wind speed and 

sea ice conditions showed SSA production during elevated wind speeds and lead/open water 

influence, without the presence of fresh supermicron SSA when leads/open water were not present, 

consistent with a lead/open water-based SSA source, rather than blowing snow (May et al., 2016b). 

As described above, our individual SSA chemical composition results also support lead-based SSA 

production, rather than blowing snow or frost flower aerosol production. 

 
Figure 4.8 Average a) S/Na and b) Mg/Na mole ratios for submicron and supermicron SSA 
particles compared to wind speeds during each of the six winter sample periods. Error bars denote 
95 % confidence intervals. 

4.3.2 Abundance of Organic Material in SSA 

Carbon was observed in over 98 % of the nascent SSA particles, by number, and was 

typically observed as a coating on the salt particles (Fig. 4.9). Individual SSA with similar 

morphology and organic coatings were previously observed during spring in the Norwegian Sea 

(Hawkins and Russell, 2010). Previous bulk aerosol measurements at Utqiaġvik also showed 

organic mass to be correlated with sea salt during winter (Shaw et al., 2010). We demonstrate 

through single-particle analyses that these organics are present as sea salt coatings. The individual 
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nascent SSA particles contained substantial amounts of carbon (average 15 ± 8 atomic % C and 6 

± 5 atomic % C for submicron and supermicron SSA, respectively), with significant carbon  

enrichment relative to seawater (C/Na ratio 0.30 ± 0.05 and 0.52 ± 0.07 for submicron and 

supermicron SSA, respectively, compared to 0.01 for seawater) (Fig. 4.6) (Pilson, 2013). 

Significant supermicron SSA C/Na enrichments (0.83 ± 0.33) have also previously been observed 

in the Antarctic during winter (Eom et al., 2016). Analysis of 150 SSA particles by scanning 

transmission X-ray microscopy with near edge X-ray absorption fine structure spectroscopy 

(STXM-NEXAFS) showed over 90 %, by number, contained organic carbon (detected as 

the -COOH functional group), consistent with the CCSEM-EDX results (Table 4.4). Notably, no 

organic gel-like particles (Orellana et al., 2011) without inorganic salts were observed. For all 

particles measured here (>100 nm), all submicron organic carbon was either coating SSA particles 

(Fig. 4.4, 4.10), consistent with mid-latitude SSA studies (Ault et al., 2013c), or internally mixed 

with anthropogenic secondary sulfate (Kirpes et al., 2018). Given the calcium enrichment in the 

wintertime submicron SSA and thick organic coatings, these results are consistent with assembled 

gel coatings surrounding inorganic sea salt cores. 

 

Table 4.4 STXM-NEXAFS number fractions of individual SSA particles containing organics, as 
well as individual SSA particle organic volume fractions, for the four analyzed samples. 

 

 

Sample timing (AKST) and 
aerodynamic diameter range 

Number Fraction of SSA 
containing organics 

Average SSA organic 
volume fraction 

# of particles 
analyzed 

Jan 26 11:00-17:15  
(1.0-1.8 µm) 

0.88±0.08 0.41±0.04 16 

Jan 26 11:00-17:15 
 (0.32-0.56 µm) 

1.00 0.5±0.1 13 

Feb 26-27 19:45-8:30 
(1.0-1.8 µm) 

1.00 0.44±0.08 21 

Feb 26-27 19:45-8:30  
(0.32-0.56 µm) 

0.98±0.01 0.4±0.2 103 
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Figure 4.9 Organic coatings observed on wintertime sea spray aerosol (SSA) particles. a) SEM 
image with a 3 µm scale bar shown and b) EDX spectra of a representative SSA particle with a 
cubic salt core (blue) and organic coating (green). *Al and Si signal contributions are from the 
sample holder and substrate, respectively. c) Average relative elemental (mole) fractions for all 
submicron and supermicron nascent SSA particles (CCSEM-EDX). d) Representative STXM-
NEXAFS image showing organic volume fraction spatial distribution within individual SSA 
particles, with a 5 µm scale bar shown. e) Histogram of 150 individual SSA particle organic 
volume fractions (STXM-NEXAFS). 

 

 
Figure 4.10 TEM image and EDX spectrum of a representative submicron wintertime SSA 
particle from January 26, containing both inorganic and organic components. *C and O signals 
include some influence from the TEM grid substrate film. 
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The average individual SSA organic volume fractions for each sample ranged from 0.41 – 

0.47 (Table 4.4), with little variation across the time periods and particle size ranges analyzed. As 

shown in Fig. 4.9, the majority of SSA particles (71 %, by number) had organic volume fractions 

between 0.3 and 0.5, consistent with organic volume fractions (0.2– 0.5) observed for SSA 

produced in mid-latitude algal bloom mesocosm experiments (Collins et al., 2013; Pham et al., 

2017). Notably, 26 % of the SSA particles analyzed by STXM-NEXAFS had organic volume 

fractions of 0.5 or greater. Particles with lower organic volume fractions (< 0.2) were inorganic 

salts with thin organic coatings; whereas particles with higher organic volume fractions (> 0.2) 

had thick organic coatings around inorganic salt cores (Fig. 4.9). Based on the average individual 

SSA particle measured organic volume fraction of 0.45, the average coating thickness was 

calculated to be ~0.04 µm and ~0.13 µm for the median submicron (0.44 µm) and supermicron 

(1.4 µm) particle aerodynamic diameters analyzed, respectively.  

For comparison to the wintertime SSA described herein, SSA were also collected at the 

same site near Utqiaġvik during September 2015, when the nearest sea ice was > 400 km upwind. 

Meteorological conditions, including wind speeds, were similar during the winter (Table 4.1) and 

summer (Gunsch et al., 2017) studies. To compare the enrichment of organics in SSA between 

winter and summer, individual SSA particle carbon/sodium (C/Na) ratios were determined by 

SEM-EDX for ~150 particles. Overall, the winter SSA particles had statistically greater C/Na 

ratios (range 0.2 – 1.2; median 0.6) compared to the summer SSA particles (range 0.1 – 0.3; median 

0.2) (Fig. 4.11). The higher carbon content observed in the winter SSA is consistent with the 

measured ratios of organic coating thickness relative to the salt core diameter, as determined by 

SEM-EDX, which showed statistically thicker coatings for winter compared to the summer SSA 

particles (Fig. 4.11). The coating thickness to salt core diameter analysis of the winter SSA is in 

agreement with the thick organic coatings observed by STXM-NEXAFS (Fig. 4.9). 78 %, of winter 

SSA particles had coating to core ratios greater than 0.4, compared to the summer SSA samples, 

which showed 57 %, by number, to have coating to core ratios of 0.1 or less (Fig. 4.11). Together 

these measurements show that the organic coatings of winter SSA particles sampled near 

Utqiaġvik, Alaska were much thicker than the organic coatings on the summer SSA particles, 

indicating an important unique source of SSA organic content during winter. This is consistent 

with previous work, showing through bulk measurements that organic mass was higher in the 

winter near Utqiaġvik and correlated with sea salt aerosol (Shaw et al., 2010). Given the lack of 
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nearby sea ice in the summer near Utqiaġvik, we suggest that sea ice algae, bacteria, and 

phytoplankton contribute to the thick SSA organic coatings observed in winter when these 

microorganisms use EPS in great quantities as a cryoprotectant (Boetius et al., 2015; Krembs et 

al., 2002; Leu et al., 2015; Mayot et al., 2018; Vernet et al., 1998). Therefore, the molecular 

composition of the winter SSA organic content was investigated to probe this hypothesis. 

 
Figure 4.11 Comparison of SSA organic coatings observed in winter and summer. a) Box and 
whisker plot (90th/10th percentiles,75th/25th percentiles, and medians) of C/Na ratios determined 
for individual SSA particles in winter and summer. C/Na distributions for winter and summer SSA 
were significantly different (Kolmogorov-Smirnov test, p = 2.0010 x 10-27). b) Histogram of 
measured organic coating to salt core diameter ratios determined from SEM images for winter (77 
particles) and summer (82 particles). SSA on aluminum foil substrates. A two-sample 
Kolmogorov-Smirnov test showed that the two distributions were not from the same underlying 
population (p = 5.28 x 10-14). 

4.3.3 Molecular Characterization of SSA Organic Content 

To determine the chemical composition of the SSA organic coatings, 88 submicron and 

212 supermicron individual SSA particles were analyzed with Raman microspectroscopy. Similar 

organic composition was observed for the sub- and supermicron SSA particles. The organic 

compound classes present included saccharides (monosaccharides, polysaccharides, and 

lipopolysaccharides), short-chain fatty acids (and dicarboxylic acids), long-chain fatty acids (and 

lipids and phospholipids), and amino acids, with representative individual SSA spectra shown in 

Fig. 4.12. Raman peak assignments and χ2 fitting with SML standards are given in Table 4.5 and 

Fig. 4.13 (Cochran et al., 2017). Fluorescence microscopy confirmed the presence of fluorescing 

biological organic material (Fu et al., 2015) in the individual wintertime SSA particles (Fig. 4.14). 
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Figure 4.12 Marine-derived organic compound types observed in individual wintertime SSA 
particles. a) Raman spectra of four representative individual SSA particles matching marine-
derived saccharides (χ2 = 0.013), amino acids (χ2 = 0.011), short chain fatty acids (χ2 = 0.003), and 
long chain fatty acids (χ2 = 0.0005), respectively. b) Number fractions (and associated standard 
errors) of 300 individual SSA particles containing saccharides, amino acids, short chain fatty acids, 
and/or long chain fatty acids. Each SSA particle Raman spectrum was allowed to be fit to up to 
two organic compound types, following the method of Cochran et al. (2017).  
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Figure 4.13 Linear combinations and χ2 fits of representative SSA particle Raman spectra shown 
in Fig. 4.12. 
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Figure 4.14 Representative optical images (left) and fluorescence maps (right), showing the 
fluorescence intensity counts (color scale) of individual SSA particles from February 26, 2014. 

Figure 4.12 shows Raman spectra of representative individual particles for each organic 

class, based on comparisons to standard spectra (Table 4.2). The standard model spectra within 

each organic type (e.g. all saccharides) were similar, exhibiting Raman peaks for the same 

functional groups; therefore, ambient SSA spectra are classified by general organic types 

(saccharides, short chain fatty acids, long chain fatty acids, amino acids). The ambient SSA particle 

spectrum representative of saccharides (arabinose, χ2 = 0.01) had characteristic peaks at 1014, 

1050, and 1095 cm-1, corresponding to ν(C-C) and ν(C-O) and a peak at 1127 cm-1 corresponding 

to νs(C-C) (Cochran et al., 2017; De Gelder et al., 2007). A peak corresponding to δ(CH2/CH3) 

was observed at 1436 cm-1 (10, 11). νs(CH3) and νa(CH2) peaks were observed at 2906 and 2942 

cm-1, respectively (Ault et al., 2013b; Deng et al., 2014). ν(O-H) stretching peaks were observed 

at 3250 and 3410 cm-1, likely due to particulate water (Fig. 4.12, Table 4.5) (Ault et al., 2013b; 
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Deng et al., 2014; Frost et al., 2005; Xiao et al., 2008). The SSA particle spectrum representative 

of short chain fatty acids (hydroxyhexanoic acid+butyric acid, χ2  = 0.003) had peaks at 1062 and 

1121 cm-1 corresponding to νa(C-C) and νs(C-C), 1297 and 1444 cm-1 for δ(CH2) and δ(CH3) peaks, 

and 2847, 2883, and 2910 cm-1 characteristic of νs(CH2), νs(CH3), and νa(CH2), respectively, in 

addition to a ν(O-H) stretching peak at 3389 cm-1 (Fig. 4.12, Table 4.5) (Ault et al., 2013b; Deng 

et al., 2014; De Gelder et al., 2007; Jentzsch et al., 2013; De Villepin et al., 1982). The particle 

spectrum representative of long chain fatty acids (hydroxymyristic acid+oleic acid, χ2  = 0.0005) 

had characteristic peaks at 1065 and 1130 cm-1 corresponding to νa(C-C) and νs(C-C and at 1296 

cm-1 corresponding to δ(CH2), in addition to δ(CH2)/ δ(CH3) modes at 1444 cm-1 (Ault et al., 

2013b; Deng et al., 2014; Mertes et al., 2004). Peaks at 2844, 2880, and 2930 cm-1 correspond to 

νs(CH2), νs(CH3), and νa(CH2), respectively (Fig.4.12, Table 4.5) (Ault et al., 2013b; Deng et al., 

2014). The particle spectrum representative of amino acids and saccharides 

(lipopolysaccharide+bovine serum albumin, χ2 = 0.016) had characteristic peaks at 858 cm-1 

corresponding to ν(C-N-C) amino, νa(C-O-C) and ν(C-C) peaks at 996 and 1045 cm-1, respectively, 

1353 cm-1 for an amide III peak, 1455 cm-1 corresponding to δ(CH3) and 1606 cm-1 for an amide I 

peak (Cochran et al., 2017; De Gelder et al., 2007; Mertes et al., 2004). νs(CH3) and νa(CH2) peaks 

were observed at 2890 and 2938 cm-1, respectively, in addition to a νa(CH3) peak at 2976 cm-1 and 

ν(O-H) at 3391 cm-1 (Fig. 4.11, Table 4.5) (De Gelder et al., 2007; Jentzsch et al., 2013; 

McLaughlin et al., 2002; Xiao et al., 2008). There was no detectable ν(N-H) peak in the spectrum 

representative of amino acids and saccharides, likely due to the low abundance of amino acids and 

the weak polarizability of N-H moieties making identification by Raman difficult (Larkin, 2011). 

A fraction of particle Raman spectra (19 %, by number) did not match any standard organic 

compounds due to fluorescence, burning, or low organic signal during Raman analysis (χ2 value < 

0.05 and/or spectral signatures of fluorescence/burning).
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Table 4.5 Peak assignments for vibrational modes and associated intensities (strong (s), medium 
(m), weak (w)) observed in individual SSA particle Raman spectra. 

Observed Peak Peak 
Intensity Raman Mode Literature 

Peak Position 
Reference 

858 m ν(CNC) amino 853 De Gelder et al., 2007  

873, 877 m δ(COH) 861 Cochran et al., 2017  

927, 939 w    

996 m νa(C-O-C) 991 Cochran et al., 2017 

1014 w ν(C-C), ν(C-O) 1009 Cochran et al., 2017 

1045, 1050 s ν(C-C) 1044 Cochran et al., 2017 

1062, 1065 w νa(C-C) 1063 De Gelder et al., 2007 

1095 m ν(C-O) 1095 De Gelder et al., 2007 

1121, 1127, 1130 m νs(C-C) 1128 De Gelder et al., 2007 

1285 m    

1296, 1297 w δ(CH₂) 1296 De Gelder et al., 2007 

1323 w    

1353 w Amide III 1351 De Gelder et al., 2007 

1372 w    

1436, 1444 m δ(CH₂)/δ(CH₃) 1440 
Ault et al., 2013b  

 Mertes et al., 2004  

1455 w δ(CH₃) 1459 
McLaughlin et al., 2002 

Cochran et al., 2017 

1601     

1606 w Amide I 1596 De Gelder et al., 2007 

2723, 2725, 2727 w overtone 2723, 2724 Cochran et al., 2017 
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2844, 2847 s νs(CH2)  2850 
Ault et al., 2013b  
Deng et al., 2014 

2880, 2883, 2890, 2906 s νs(CH3) 2870 
Ault et al., 2013b  
Deng et al., 2014 

2910, 2930, 2938, 2942 w νa(CH2) 2930 
Ault et al., 2013b  
Deng et al., 2014 

2976 m νa(CH3) 2974 McLaughlin et al., 2002  

2986 s νa(CH3) 2986 Larkin, 2011 

3013 m ν(=C-H) 3005 Czamara et al., 2015 

3389, 3391 w ν(O-H) 3402 Jentzsch et al., 2015  

3410 s ν(O-H) 3430 Xiao et al., 2008 

 

Saccharides and short-chain fatty acids were the most commonly observed marine biogenic 

organic compound classes present in the SSA particles, with 49 % of individual SSA particle 

Raman spectra containing at least one saccharide (Fig. 4.12). Saccharides observed, particularly 

xylose, fucose, and glucose, are major components of EPS (Gao et al., 2012; Hawkins and Russell, 

2010; Orellana et al., 2011). The monosaccharides observed are similar to that of the SML, as well 

as bulk ambient aerosol and aerosols produced from laboratory bubbling experiments in the 

summer high Arctic pack ice (Gao et al., 2012; Leck et al., 2013). In prior studies during spring 

over the Norwegian Sea, individual SSA with organic coatings were characterized by STXM-

NEXAFS as having a prominent carboxylic acid peak (as observed here), which was attributed to 

polysaccharides from the SML (Hawkins and Russell, 2010). Saccharides have also previously 

been observed in bulk Arctic aerosol samples during spring over the Norwegian Sea (Frossard et 

al., 2014; Russell et al., 2010), summer in the Canadian (Fu et al., 2013) and high (Leck et al., 

2013) Arctic, and winter near Utqiaġvik (Shaw et al., 2010). 

Similar to saccharides, long-chain fatty acids and amino acids were also commonly 

observed in the winter SSA coatings. 32 % of individual SSA particle Raman spectra contained at 

least one short-chain fatty acid, while long-chain fatty acids and amino acids were present in 21 % 

and 9 % of SSA particles, by number, respectively (Fig. 4.12). Amino acids and fatty acids have 

previously been observed in the SML in the summer high Arctic (Mashayekhy Rad et al., 2018; 
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Matrai et al., 2008) and in bulk ambient aerosols during spring – summer in the Canadian Arctic 

(Fu et al., 2009, 2013) and during spring – fall at Svalbard (Mashayekhy Rad et al., 2019; Scalabrin 

et al., 2012). Notably, all SSA particles containing amino acids also contained saccharides, and 

most particles (75 %, by number) containing one short chain fatty acid also contained a saccharide 

signature. Since saccharides, amino acids, and fatty acids are EPS components (Gao et al., 2012; 

Hawkins and Russell, 2010; Orellana et al., 2011), the presence of these compounds together in 

the individual SSA organic coatings is consistent with incorporation during the bubble bursting 

aerosol formation process due to enrichment in the SML of sea ice leads. 

4.4 Conclusions 

In this study, we identified abundant wintertime SSA thickly coated by marine biogenic 

organic carbon, with signatures consistent with EPS produced as a cryoprotectant by sea ice algae 

and bacteria. This study was conducted soon after polar sunrise, in line with recent unexpected 

evidence of sea ice biological activity under low light conditions in the Arctic (Hancke et al., 2018; 

Krembs et al., 2011; Lovejoy et al., 2007). The measured SSA chemical composition is consistent 

with Arctic lead-based aerosol production, illustrating the connections between sea ice fracturing, 

marine biological activity, EPS, and SSA production in the winter Arctic. This finding further 

highlights the year-round nature of Arctic SSA emissions. Open sea ice leads are identified as 

leading to organic enrichment in wintertime SSA. The Arctic is currently changing at an 

unprecedented rate (Haine and Martin, 2017), with winter warming events rapidly increasing 

(Graham et al., 2017). Resulting sea ice loss is expanding first year sea ice (Haine and Martin, 

2017), which is prone to fracturing and expected to result in increasing SSA emissions (Struthers 

et al., 2011). Notably, delayed sea ice freeze-up in the Bering, Chukchi, Barents, and East 

Greenland Seas is dramatically decreasing sea ice extent in the region (Beitler, 2017) and 

increasing marine biological activity (Ardyna et al., 2014; Assmy et al., 2017; Krembs et al., 2011), 

impacting SSA emissions and organic content. SSA organic coatings can reduce reactivity toward 

trace gases, such as nitric acid, thereby impacting atmospheric composition (Ault et al., 2014) and 

Arctic haze formation (Law and Stohl, 2007). Organic coatings can also reduce SSA 

hygroscopicity (Cochran et al., 2017) and CCN efficiency (Collins et al., 2013) and may contribute 

to cloud ice nucleation (Wilson et al., 2015), which impacts cloud formation in the often CCN-

limited Arctic (Mauritsen et al., 2011).  Cloud-aerosol feedbacks are especially important in the 

Arctic winter when there is little to no direct solar radiation; clouds trap longwave radiation near 
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the surface and contribute to warming, with increasing sensitivity to clouds projected for the fall 

– winter (Graham et al., 2017; Walden et al., 2015). Therefore, additional studies are critical to 

quantify and upscale the details of, and connections between, changing Arctic microbiology, EPS 

production, SSA production, atmospheric composition, and cloud feedbacks in the winter. 
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 Local Production of Primary Marine Aerosol under High Winds in the 
Summertime High Arctic 
 

5.1 Introduction 

 The Arctic is drastically transforming due to climate change and associated rapidly 

declining sea ice extent (Haine and Martin, 2017). In fact, the summer Arctic is predicted to be 

ice-free by 2050 (Overland and Wang, 2013). The sea ice has transitioned from thick multiyear 

ice to majority younger, thinner first year ice, which is more prone to fracturing (Richter-Menge 

and Farrell, 2013). Sea ice fracturing results in the formation of leads, or areas of open water 

surrounded by sea ice (Richter-Menge and Farrell, 2013). Open leads provide a source of sea spray 

aerosol (SSA) in the otherwise ice-covered Arctic, and SSA emissions are expected to be 

increasing with declining sea ice (Struthers et al., 2011).  

In open water, SSA is produced via entrainment of air during wavebreaking, forming 

bubbles which rise to the water surface and burst to emit droplets, evaporating to form aerosol 

particles (Quinn et al., 2015). In open leads, a wavebreaking mechanism for SSA production has 

been observed under high wind conditions (Leck et al., 2002; Nilsson et al., 2001; Scott and Levin, 

1972), although the SSA flux from open leads is approximately 10 times less than in open water, 

due to the reduced fetch (Nilsson et al., 2001). SSA production from open leads has been observed 

year-round in the coastal Arctic (May et al., 2016b) and may be an underappreciated source of 

aerosol to the high Arctic (Leck et al., 2002), a region with few local aerosol sources. As SSA 

contributes the largest global aerosol flux to the troposphere (De Leeuw et al., 2011), 

understanding open water and lead-based SSA production is critical to predicting climate in the 

New Arctic.  

 SSA is composed of inorganic salts and organic material that is enriched in the seawater 

surface microlayer (SML) and scavenged as bubbles rise through the water column (Quinn et al., 

2015). Bubble bursting at the water surface produces jet drops and film drops, which evaporate to 

form SSA (Quinn et al., 2015). SSA composition is size dependent, with supermicron particles, 

mainly from jet drops, primarily comprised of inorganic salts, while submicron particles, mainly 
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from film drops, can be greatly enriched in organics present in the SML (Quinn et al., 2014, 2015; 

Wang et al., 2015a). SSA composition is driven by marine biology contributing organic material 

to the SML (Quinn et al., 2014).  

In the Arctic, marine biology is greatly influenced by sea ice algae and bacteria, which can 

form massive algal blooms underneath and at the edges of sea ice (Arrigo et al., 2012; Assmy et 

al., 2017; Hancke et al., 2018). These algae and bacteria produce exopolymeric substances (EPS) 

as a cryoprotectant (Boetius et al., 2015; Krembs et al., 2002). Therefore, sea ice algae and EPS 

secretions may particularly influence the organic material present within sea ice leads (Gao et al., 

2012). EPS has been observed in the high Arctic SML within leads and in ambient aerosol (e.g. 

Gao et al., 2012; Leck et al., 2013).  

 SSA impacts climate directly by scattering incident radiation, and indirectly by 

participating in cloud formation, altering cloud properties (Andreae and Rosenfeld, 2008). The 

bubble-bursting mechanism results in a bimodal SSA size distribution, with a supermicron ~1 – 2 

µm diameter mode acting as efficient cloud condensation nuclei (CCN) (Quinn et al., 2015) and a 

submicron ~100 – 200 nm mode, for which CCN efficiency is dependent on individual particle 

composition, particularly the amount and molecular composition of organics present (Cochran et 

al., 2017; Collins et al., 2013). SSA, dependent on composition, may also act as ice nucleating 

particles (INP) (DeMott et al., 2016; Wilson et al., 2015). Thus, given particle diversity, 

measurements of individual SSA particle composition are critical for predicting SSA climate 

effects (Quinn et al., 2015). SSA impacts on clouds may be particularly important in the high 

Arctic, a high-albedo environment where clouds greatly influence the radiation budget (Holland 

and Bitz, 2003). With few local aerosol sources, the high Arctic is a CCN-limited regime 

(Heintzenberg et al., 2006; Mauritsen et al., 2011). SSA may be a particularly important driver of 

cloud formation in this environment; however, there remain large gaps in knowledge of high Arctic 

CCN and INP sources, composition, and cloud nucleation efficiencies.  

 Large uncertainties in high Arctic aerosol sources, composition, and cloud impacts persist 

due to the lack of measurements, particularly of individual particle composition (Leck and 

Svensson, 2015). In order to further our understanding of aerosol – cloud – climate connections in 

the high Arctic, atmospheric particle samples were collected aboard the icebreaker Oden during 

August – September 2018, as part of the Microbiological – Ocean – Cloud Coupling in the High 

Arctic (MOCCHA) campaign. Sea spray aerosol generation experiments were conducted aboard 
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the icebreaker with local seawater from leads. These experiments were compared to ambient 

particle composition to investigate the influence of sea ice leads on ambient aerosol production 

and composition. Offline microspectroscopic analysis provided information on individual particle 

composition and mixing state, and bulk aerosol analysis provided ambient sea salt aerosol 

concentrations. INP efficiency was determined for particles collected from the SSA generation 

experiments. Molecular characterization of the SSA organics identified EPS components. Detailed 

information on local and regional meteorology, sea ice conditions, seawater, and surface snow 

composition allowed examination of particle sources during high wind periods. These results will 

further understanding of the influence of local SSA production on the high Arctic aerosol 

population. 

5.2 Methods 

 During the MOCCHA campaign, atmospheric measurements (meteorology, online and 

offline aerosol particle sampling) were conducted aboard the icebreaker Oden while moored to an 

ice floe, August 14 – September 15, 2018 (89.5 ˚N, 34.1 ˚E – 88.5 ˚N, 43.2 ˚E). Three aerosol 

particle sample periods are focused on herein (August 21-22, August 29-30, and September 02-

03). Seawater and surface snow samples were collected from the ice floe. The collected seawater 

was used in aerosol generation experiments, to compare particle production and composition to 

the ambient aerosol. Details are provided below. 

5.2.1 Meteorological and Sea Ice Conditions 

Air temperature and wind speed were determined by ship measurements on the Oden 7th 

deck, ~27 m amsl. Precipitation events were determined based on personal observations and hourly 

webcam images from the Oden. 10-day backward air mass trajectories were calculated using the 

Lagrangian analysis tool LAGRANTO (Sprenger and Wernli, 2015) with wind fields from 3 h 

operational ECMWF analyses, interpolated to a regular grid with 0.5 deg horizontal resolution on 

the 137 model levels. AMSR2 sea ice concentration maps were obtained from the University of 

Bremen (https://www.seaice.uni-bremen.de/). 
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5.2.2 Sample Collection 

5.2.2.1 Seawater Sampling 

Surface water (0.6 m depth) was sampled from the ice edge at the open lead site located on 

the ice floe research station on August 26, 2018. 200 L of water were collected and stored at 

ambient temperature (~ -1 °C) for ~ 3 h prior to analysis and use in aerosol generation experiments. 

Initial water temperature was -0.9 °C, and salinity was 28.4 g/kg (Table 5.2). The collected 

seawater was subsampled prior to aerosol generation experiments for measurements of dissolved 

organic carbon (DOC), dissolved organic nitrogen (DON), particulate organic carbon (POC), 

particulate organic nitrogen (PON), and chlorophyll (Table 5.2). 

5.2.2.2 Atmospheric Particle Sampling 

Atmospheric particles were sampled through a PM10 inlet (particulate matter < 10 µm 

diameter) located on the Oden 4th deck. A pollution control system ensured samples were not 

influenced by local pollution, including occasional ship plume and helicopter emissions 

(Tjernström et al., 2014). Through the pollution control system, impactor pumps turned off for 

wind directions outside the previously determined “clean sector” (± 70˚ from the bow) or under 

stagnant wind conditions (< 2 m/s). The pollution control system also included an ozone monitor 

(model 202, 2B Technologies) and ultrafine particle counter (UCPC, model 3025, TSI Inc.) to turn 

off the impactor pumps under increased pollutant concentrations. A scanning mobility particle 

sizer (SMPS, model 3938, TSI Inc.) and aerodynamic particle sizer (APS, model 3321, TSI Inc.) 

measured ambient aerosol size distributions and number concentrations from the PM10 inlet. The 

APS measured size distributions from 0.523 – 19.81 µm aerodynamic diameter (da) (1 min scans), 

and the SMPS measured size distributions from 13.6 – 736.5 nm mobility diameter (dm) (5 min 

scans). 

A ten-stage rotating micro-orifice uniform deposit impactor (MOUDI, model 110R, MSP 

Corp.) sampled from the PM10 inlet at 30 lpm. The MOUDI collected ambient particles onto 

Formvar film copper transmission electron microscopy (TEM) grids, silicon wafers, and quartz 

substrates (Ted Pella, Inc) on four stages (< 0.056, 0.10 – 0.18, 0.32 – 0.56, and 1.0 – 1.8 µm da) 

for offline single particle analyses. MOUDI substrates were stored in the dark at room temperature 

prior to single particle analysis (Laskina et al., 2015). 
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5.2.3 Marine Aerosol Generation Experiments 

A sea spray aerosol generation experiment was conducted using a Marine Aerosol 

Reference Tank (MART) (Stokes et al., 2013). The 210 L tank was filled with 100 L of seawater 

collected from the open lead site (Section 5.2.2.1). The MART bubble plume was optimized with 

a waterfall cycle of 4 s on, 4 s off with a total 4.5 min on and 0.5 min off cycle. To maintain the 

water temperature as close as possible to collection (-0.9 °C), the MART was placed outside on 

the deck of the ship under a tent, and the water in the tank was continuously cycled through chilling 

coils.  Water temperature (average 1.1 ± 0.5 ̊ C) was monitored over the course of each experiment 

using a temperature logger (HOBO Water Temperature Pro v2, Onset) deployed inside the MART 

tank, and the ambient air temperature (average 0.3 ± 0.6 ˚C) was monitored by a second 

temperature logger deployed inside the tent.  

Aerosol particles were sampled from the 110 L MART headspace for a 6 h sampling 

duration, through two diffusion driers to maintain an aerosol flow relative humidity (RH) of ~15 

%, monitored by a temperature and RH sensor (model EK-H5, Sensirion). All aerosol 

instrumentation and diffusion driers were housed inside a laboratory at ~20 °C, with a 0.5 m 

insulated sampling line between the tank and driers. The 6.3 lpm total sample air flow was balanced 

by an inflow of 7.0 lpm of particle-free air to maintain positive pressure within the MART and 

eliminate the possibility of sampling ambient air. The short residence time within the MART (~15 

min) provided sampling of nascent SSA. Before starting the MART waterfall, the tank was purged 

with particle-free air until aerosol number concentrations were < 10 particles/cm3.  

To measure aerosol size distributions and number concentrations, a scanning mobility 

particle sizer (SMPS, model 3938, TSI Inc.) and aerodynamic particle sizer (APS, model 3321, 

TSI Inc.) sampled from the MART at 0.3 and 2.5 lpm, respectively. The total 5 lpm flow to the 

APS was made up with particle-free ambient air (1.2 µm pore size HEPA capsule filter, Pall Life 

Sciences). The SMPS and APS measured aerosol size distributions (5 min scans each) for particles 

14.1 – 736.5 nm (dm) and 0.523 – 19.81 µm (da), respectively. For both ambient and MART 

measurements, size distributions from the SMPS (14.1 – 615.3 nm, dm) and APS (0.634 – 19.81 

µm, da) were combined, following a previously established method (Khlystov et al., 2004). The 

APS distributions were converted to mobility diameter, assuming a shape factor of 1 and density 

of 2.0 g/cm3 (representative of sodium chloride) (Pilson, 2013).  
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A 10-stage rotating micro-orifice uniform deposit impactor (MOUDI, model 120R, MSP 

Corp.) sampled from the MART at 3.5 lpm, with an additional 26.5 lpm of particle-free air (1.2 

µm pore size HEPA capsule filter, Pall Life Sciences) for a total flow rate of 30 lpm. The MOUDI 

collected SSA particles on substrates for offline single particle analyses as described in section 

2.2.2.  

5.2.4 Single Particle Analysis 

5.2.4.1 Electron Microscopy 

Computer-controlled scanning electron microscopy with energy dispersive X-ray 

spectroscopy (CCSEM-EDX) (Laskin, 2003; Laskin et al., 2006) was to analyze ~ 1000 particles 

per substrate conducted (0.10 – 1.8, 0.32 – 0.56, and 1.0 – 1.8 µm da MOUDI stages) for ambient 

(6,826 particles total, August 21-22, August 29-30, and September 02-03) and MART-generated 

samples (2,272 particles total, August 26) on TEM grids, and ~100 particles per substrate for 

MART-generated samples on silicon (793 particles total, August 26). CCSEM-EDX analysis was 

conducted using a FEI Quanta environmental SEM with a field emission gun operating at 20 keV 

accelerating voltage with a scanning transmission electron microscopy high angle annular dark 

field (STEM HAADF) detector to collect SEM images and morphological information for 

individual particles on TEM grids and an Everhart-Thornley (ETD) secondary electron detector 

for particles on silicon. For the ambient samples, additional CCSEM-EDX was conducted for ~100 

SSA particles per substrate (1,203 particles total, August 29-30 and September 02-03) collected 

on silicon (1.0 – 1.8, 0.32 – 0.56, and 0.10 – 0.18 µm da stages) using a FEI Helios nanolab 

SEM/FIB instrument equipped with a field emission gun operating at 20 kV accelerating voltage 

and an ETD secondary electron detector for SEM imaging. An EDX spectrometer (EDAX, Inc.) 

measured X-ray spectra and provide the relative atomic abundance of elements C, N, O, Na, Mg, 

Al, Si, P, S, Cl, K, Ca, Ti, V, Fe, Ni, and Zn for individual particles. Al and Si were omitted from 

EDX measurements for particles on silicon substrates due to significant background from the 

sample holder and substrate, respectively. For clean Si wafers not impacted with particles, carbon 

was below the detection limit, indicating that substrate contamination from carbon was not present 

in the particle spectra. EDX can be slightly less sensitive to C, N, and O, compared to heavier 

elements, such that the C, N, and O percentages reported here represent lower limits (Laskin et al., 

2006). 
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K-means clustering of the individual particle EDX spectra was conducted to group the 

particles into clusters based on similarity of elemental composition (Ault et al., 2012; Shen et al., 

2016). These clusters were then combined into four particle types (nascent SSA, aged SSA, organic 

and sulfate aerosol, and dust) for the ambient samples and two types (nascent SSA and organic 

aerosol) for the MART-generated samples, based on comparison of the EDX spectra to previous 

studies of ambient aerosol and lab-generated SSA (Ault et al., 2013c, 2014; Gunsch et al., 2017; 

Kirpes et al., 2018). Prior ambient aerosol CCSEM-EDX studies have established EDX spectral 

signatures for fresh SSA (Ault et al., 2013c; Hopkins et al., 2008; Prather et al., 2013), aged SSA 

(Bondy et al., 2017b; Laskin, 2003; Laskin et al., 2002, 2012), mineral dust (Axson et al., 2016b; 

Coz et al., 2009; Creamean et al., 2016; Sobanska et al., 2003), and organic aerosol (Gunsch et al., 

2017; Kirpes et al., 2018; O’Brien et al., 2015b; Sobanska et al., 2003). EDX has previously been 

shown to quantitatively reproduce SSA elemental ratios (Ault et al., 2013c, 2014). 

5.2.4.2 Raman Microspectroscopy 

Individual SSA particles were analyzed by Raman microspectroscopy using a Horiba 

Scientific Labram HR Evolution spectrometer coupled with a confocal optical microscope (100x 

N.A. 0.9 Olympus objective), Nd:YAG laser (50 mW, 532 nm), and CCD detector using a 600 

groove/mm diffraction grating. Individual particle Raman spectra were collected over the 500-

4000 cm-1 range, with a spectral resolution of ~1.8 cm-1, according to a previously established 

computer-controlled method (Craig et al., 2017). Raman spectra of ~100 SSA particles per 

substrate were collected for three MOUDI stages (0.10 – 1.8, 0.32 – 0.56, and 1.0 – 1.8 µm da) 

from two ambient samples (August 29-30 and September 02-03) and the MART experiment, for a 

total of 805 particles analyzed. SSA particles were identified based on morphology using the 

optical microscope, and were compared to Raman spectra of ~50 standard marine organic 

compounds, including saccharides, short chain fatty acids, long chain fatty acids, and amino acids, 

representative of compounds present in the SML (Cochran et al., 2017). Linear combinations of 

up to two standard Raman spectra (e.g., 53 % fucose + 47 % butyric acid) were fit to individual 

SSA Raman spectra following the method of Cochran et al. (2017). Particle spectra matching each 

organic compound type were characterized by unique peaks corresponding to specific organic 

functional groups in the 850-1650 and 2700-3500 cm-1 regions (Eom et al., 2016). Therefore, each 

particle spectrum could match up to two organic compound types, for example, fucose + xylose 

(saccharide + saccharide) or fucose + octanoic acid (saccharide + short-chain fatty acid). Model 
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linear combinations and ambient SSA spectra were compared by calculating χ2 values over the 

800-1800 and 2600-3600 cm-1 ranges. This analysis provides a value between zero (spectra are 

identical) and one (spectra have no correlation). The organic compounds corresponding to the best 

χ2 fit (smallest value) between model linear combinations and the ambient SSA spectrum are 

reported. 

Projected area diameter (dpa) was measured by CCSEM-EDX, TEM, and Raman; therefore, 

it is the parameter reported herein. Dpa is often larger than geometric diameter due to particle 

deformation upon impaction (Hinds, 2012; Sobanska et al., 2014), indicating that particle size 

reported here is an upper bound and could represent smaller diameter in the atmosphere. 

5.3 Results and Discussion 

5.3.1 High Winds, Sea Ice, and Snow Conditions 

Sustained periods of high winds occurred during the MOCCHA campaign from August 21 

– September 04. Three aerosol sampling periods (24 h periods: August 21-22, August 29-30, and 

September 02-03) were identified for a case study of high winds and SSA production using 

individual particle analyses. These three days had average wind speeds of 7.2 m s-1, 11.2 m s-1, 

and 11.0 m s-1, respectively, with maximum wind speeds of 12.4 – 18.5 m s-1 (Table 5.1). These 

high wind conditions facilitate wind-driven sea spray aerosol production (De Leeuw et al., 2011). 

During the period of sustained high winds on August 29, breaking waves were observed at the 

open lead site, located ~0.5 km from the ship. These conditions of sustained high wind speeds have 

been previously shown to produce nascent SSA from open leads (Leck et al., 2002; Nilsson et al., 

2001). While the SSA flux from leads is much less than that from open water due to the reduced 

fetch (Nilsson et al., 2001), the presence of many open leads across the high Arctic may result in 

the accumulation of SSA resulting in open leads being a significant source of locally-produced 

nascent SSA during high wind periods.  
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Table 5.1 Meteorological parameters during ambient aerosol sampling periods of interest during 
the 2018 MOCCHA study. 

 

Sea ice concentration maps and backward air mass trajectories were used to determine the 

extent of regional open lead influence during the ambient aerosol sampling periods (Fig. 5.1). The 

distance from the ship to the sea ice edge was between 700 – 1500 km during the sample periods 

of interest. For August 21-22, August 29-30, and September 02-03, the marginal ice zone was 

within 24 – 30 h upwind, as determined by LAGRANTO backward air mass trajectories started at 

altitudes within the boundary layer at the ship position (Fig. 5.1). The August 29-30 and September 

02-03 samples experienced air mass influence from regions of lower sea ice concentrations, within 

the pack ice region for the September 02-03 sample and near coastal Greenland and the Canadian 

archipelago for the August 29-30 and September 02-03 samples (Fig. 5.1). However, the August 

21-22 sample air mass had spent more time over dense pack ice before reaching the East Siberian 

Sea (> 24 h). This suggests that the August 29-30 and September 02-03 samples were influenced 

by open leads present along the air mass trajectories, providing possible sources of local SSA 

production, in contrast to the August 21-22 sample. 

Sample 
Start Time 
(UTC) 

Sample 
End Time 
(UTC) 

Average 
Temperature 

(°C) 

Average 
Wind Speed 

(m/s) 

Wind Speed 
Range (m/s) 

Precipitation Average total 
number 
concentration 
(particles/cm3) 

August 21 
2100 

August 22 
2100 

-0.3 ± 0.3 7 ± 3  1.6 - 12.4 Freezing rain 
and snow 
overnight 

8.5 ± 0.2 

August 29 
0700 

August 30 
0700 

-1.6 ± 0.4 11 ± 2 6.1 - 18.5 Snow in 
morning 

40 ± 10 

September 
02 1700 

September 
03 1700 

-2 ± 1 11 ± 2 6.1 - 17.6 Clear to 
cloudy 

50 ± 20 
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Figure 5.1 Sea ice concentration and backwards air mass trajectories for aerosol samples collected 
on August 21, August 24, August 29, and September 02, 2018. Trajectories starting at each sample 
midpoint time are shown for 48 h from sampling site at altitudes that were within the boundary 
layer at the initial ship position.  

Total ambient aerosol concentrations during the open lead-influenced sample periods were 

much higher (40 ± 10 particles cm-3 for August 29-30 and 50 ± 20 particles cm-3 for September 

02-03 periods) than the August 21-22 sample period (8.5 ± 0.2 particles cm-3). Figure 5.2 shows 

average ambient aerosol size distributions for these sample periods. A much greater ~150 nm mode 

was observed for August 29-30 and September 02-03, consistent with a ~100 – 200 nm SSA mode 

(Quinn et al., 2015). This suggests lead-based SSA production may greatly influence both the total 

aerosol number and aerosol size distribution in the high Arctic, with few other aerosol sources 

present. As accumulation mode particles may be efficient CCN and act as INP, dependent on 

composition (Leck and Svensson, 2015; Martin et al., 2011), locally produced SSA may have a 

great influence on cloud formation and climate impacts in the high Arctic. 
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Figure 5.2 Average aerosol size distributions, measured by SMPS and APS, for the August 21-22 
and August 29-30 sampling periods. Periods with local ship pollution influence (Section 5.2.2.2) 
were omitted from sample averages. 

5.3.2 Observations of Locally-Produced Nascent SSA 

 An aerosol generation experiment was conducted aboard the icebreaker using seawater 

from the nearby open lead to study primary marine aerosol production and composition under high 

wind conditions. Analyses of the MART samples identified primary marine aerosol particle types, 

including nascent SSA, SSA enriched in organic carbon (SSA+OC), and organic particles.  

Nascent SSA was characterized by primarily Na and Cl in the EDX spectra, in addition to Mg, S, 

K, and Ca, in ratios similar to seawater (Fig. 5.3) (Ault et al., 2013c). A subset of nascent SSA 

particles were classified as SSA+OC, based on organic enrichment characterized by the presence 

of C and O in the EDX spectra (Ault et al., 2013c) and visible organic coatings observed by SEM 

analysis on silicon substrates (Fig. 5.3). Organic particles were primarily observed in the 

submicron size range (0.1 – 1.0 µm da) and were characterized by mainly C and O in the EDX 

spectra (Ault et al., 2013c).  

For the ambient particles, four main particle types were identified by CCSEM-EDX 

analysis: nascent SSA, aged SSA, organic carbon and sulfate aerosol (OC+sulfate), and dust. The 

ambient nascent SSA particle type includes both SSA and SSA+OC, as in the MART samples. 



 

 93 

Aged SSA particles were characterized by Cl depletion and S enrichment in the EDX spectra (Fig. 

5.3) (Gunsch et al., 2017; Weinbruch et al., 2012), indicative of multiphase aging reactions 

occurring during atmospheric transport (Gard et al., 1998). SSA sources, composition, and aging 

processes are discussed further in section 5.3.3. OC+sulfate particles were primarily observed in 

the submicron (0.1 – 1.0 µm da) size range and were characterized by mainly C and O in the EDX 

spectra, with a fraction of these particles also containing S and/or N (Fig. 5.3) (Gunsch et al., 2017; 

Weinbruch et al., 2012). The OC+sulfate particle type likely contains both primary marine 

organics, as observed in the MART samples, including marine gels (Heintzenberg et al., 2006; 

Leck et al., 2013; Leck and Bigg, 2005a), and secondary organic aerosol, but the sources of the 

organics cannot be distinguished by CCSEM-EDX. Previous studies have observed sulfate coating 

primary marine organic particles in the high Arctic (Hamacher-Barth et al., 2016; Leck et al., 

2002). Dust particles were characterized by Al and/or Si and trace metals including Fe, Ni, and Zn 

in the EDX spectra (Coz et al., 2009; Creamean et al., 2018a; Kirpes et al., 2018), and were a small 

fraction of the observed ambient particles (< 1 %, by number, across the analyzed size range from 

0.1 – 4.0 µm). 
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Figure 5.3 Representative individual particle SEM images and EDX spectra for the ambient 
particle types observed, including a) fresh SSA, b) SSA+OC, c) aged SSA, and d) OC+sulfate 
particles, with the substrate used noted. *C and O peaks include some signal from the TEM grid 
substrate film. *Si background peak from the silicon substrate has been subtracted from the EDX 
spectrum in panel b for clarity. 

Previous studies have observed primary marine gel particles produced from leads (e.g. 

Bigg and Leck, 2001a; Leck et al., 2013; Leck and Bigg, 1999; Leck and Svensson, 2015; Matrai 

et al., 2008). Organic-rich marine gels would be distinguished by secondary OC+sulfate particles 

based on particle morphology and chemical composition, specifically the presence of divalent 

cations, including Mg2+ and Ca2+  (Orellana and Leck, 2014).  However, no distinct marine gel 

particle type (Orellana et al., 2011) was identified by CCSEM-EDX analysis. CCSEM-EDX 
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analysis of the MART-generated samples showed 12 % of the observed organic particles, by 

number, contained magnesium, 0.6 % contained calcium, and 2 % contained sulfur, suggesting 

minimal contribution from solely marine gel particles. For the ambient OC+sulfate particles, 33 

%, by number, contained sulfur, likely secondary sulfate, while 2 % of the particles contained 

magnesium and 1 % contained calcium. Marine gels were either classified with OC+sulfate 

particles or observed internally mixed with sea salt and classified as SSA+OC particles. This is 

likely as manual SEM-EDX analysis identified a small number of organic particles exhibiting a 

gel-like morphology (Orellana et al., 2011) in the MART-generated and ambient samples, with 

examples shown in Fig. 5.4, suggesting marine gels may contribute to a small fraction of the 

observed organic particle number, while the majority of ambient organic particles are likely from 

secondary sources (Barrett and Sheesley, 2017; Croft et al., 2019; Fu et al., 2013; Mungall et al., 

2017; Richard Leaitch et al., 2018; Willis et al., 2017). Detailed characterization of SSA and 

SSA+OC composition is discussed in section 5.3.3. 

 
Figure 5.4 SEM-EDX images and spectra of organic gel-like particles (circled) for the MART 
sample and ambient August 29-30 sample. *Cu signal is from TEM grid substrate, and C and O 
peaks contain some signal from the substrate background. 

Size-resolved number fractions of the observed CCSEM-EDX particle types were 

compared for the MART-generated particles and the ambient case study days (Fig. 5.5). Primary 

marine particle types were observed in both the MART-generated and ambient samples across the 

entire size range analyzed (0.1 – 5.0 µm dpa). The MART-generated sample was composed of ~70 

– 90 % nascent SSA, by number, and ~10 – 30 % organic particles in the submicron size range 
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(Fig. 5.5). The supermicron size range (1.0 – 5.0 µm dpa) was composed of greater than 90 % 

nascent SSA, by number, and <10% organic particles (Fig. 5.5). Consistent with the MART-

generated sample, the ambient August 29-30 and September 02-03 samples, both influenced by 

air masses over fractured sea ice, contained 90 – 100 %, by number, nascent SSA in the 

supermicron size range (1.0 – 3.2 µm dpa), with only a small fraction (< 5 %, by number), of aged 

SSA observed. (Fig. 5.5). In comparison, the August 21-22 sample, with air mass influence from 

areas of higher sea ice concentration (less fracturing), showed negligible supermicron aerosol 

number concentrations and did not show influence of nascent SSA (Fig. 5.6). The August 29-30 

and September 02-03 samples also contained large fractions of submicron nascent SSA, ~ 40 – 80 

%, by number, for 0.5 – 1.0 µm dpa (Fig. 5.5), as observed for the MART sample, and consistent 

with wind-driven SSA production from open leads.   

 

Figure 5.5 Size-resolved number fractions of particle types observed by CCSEM-EDX for the a) 
MART-generated SSA sample, using seawater collected from the open lead, compared to the 
ambient b) August 29-30, and c) September 02-03 samples. 
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Figure 5.6 Size-resolved number fractions of particle types observed by CCSEM-EDX for the 
August 21-22 sampling period. 

 Influences of additional particle types, beyond nascent SSA, were observed in the 

submicron size range for the ambient samples. The ambient samples contained large fractions of 

OC+sulfate particles (25 – 85 %, by number, from 0.1 – 1.0 µm dpa), particularly smaller than 0.5 

µm dpa (75 – 85 %, by number) (Fig. 5.5 and 5.6). This OC+sulfate fraction likely contains primary 

marine organics, as observed in the MART sample, which could become coated with sulfate 

(Hamacher-Barth et al., 2016), in addition to secondary organic and sulfate particles (Burkart et 

al., 2017; Mungall et al., 2017), demonstrating influence of both local aerosol sources and long-

range transport. Aged SSA was also observed in the submicron size range (0.1 – 1.0 µm dpa), 

comprising ~ 5 – 15 %, by number, on August 29 and September 02, and ~ 15 – 20 %, by number, 

on August 21, indicative of influence of atmospheric processing during long-range transport. 

While a supermicron (1 µm diameter) SSA particle could be transported from the ice edge without 

exhibiting significant aging, a submicron (100 nm diameter) SSA particle could be expected to 

exhibit complete chloride depletion within the transport time (24 – 48 h) from the ice edge to the 

sampling location, consistent with a long-range transported source of the submicron aged SSA 

particles.  

 The reaction rate of sulfuric acid with sodium chloride was determined using  

Equation 5.1 ;[<=>?@]
;A

 = BCD
E
[𝐻F𝑆𝑂E] 
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according to the method of Jacob (2000), where c is the mean free velocity and A is the particle 

surface area. The value of the uptake coefficient 𝛾 was assumed to be 1.0 as an upper limit (Ten 

Brink, 1998). The sulfuric acid concentration used was 1.32x106 cm-3, as measured during 

summertime at Summit, Greenland (Sander and Bottenheim, 2012; Ziemba et al., 2010). Particles 

were assumed to be aqueous NaCl, with densities of 1.5 g cm-3 and salinity of 35 g kg-1. Under 

these conditions, a 100 nm diameter particle would experience complete chloride displacement in 

21 h. Under these same conditions, a 1 µm diameter particle would be less than 10 % aged in 21 

h, with 25 % aging in 48 h, and 100 % chloride displacement only with an atmospheric lifetime of 

nine days. 

5.3.3 SSA Composition and Sources 

5.3.3.1 Size-Dependent SSA Composition 

To further characterize the observed SSA composition, individual particle elemental mole 

ratios were calculated from the CCSEM-EDX spectra for all SSA (nascent SSA, SSA+OC, and 

aged SSA) from the August 29-30 and September 02-03 ambient samples and MART-generated 

sample (Fig. 5.7 and 5.8). SSA Mg/Na, Ca/Na, K/Na, and N/Na ratios were similar to the seawater 

ratios across all size ranges for the ambient and MART-generated SSA (Fig. 5.7 and 5.8), 

consistent with locally-produced nascent SSA. Previous studies have observed submicron SSA 

enriched in Mg and Ca (~20 % of particles, by number), related to seawater biological activity 

(Forestieri et al., 2016; Jayarathne et al., 2016) and the presence of marine gels (Gao et al., 2012; 

Orellana et al., 2011), no enrichment of Mg or Ca was observed for these ambient or MART 

samples. Overall, the observed ambient SSA composition is consistent with locally-produced 

nascent SSA and suggest a wind-driven open lead source on the high wind days.  

By comparing size-resolved median ratios to standard seawater ratios, a size dependence 

in individual SSA particle composition was observed. SSA undergoes multiphase reactions 

resulting in chloride displacement, for example atmospheric sulfuric acid reacts with particle-

phase sodium chloride to form sodium sulfate in the particle, releasing HCl gas (Gard et al., 1998; 

Laskin et al., 2003). Submicron ambient SSA ranging from 0.1 – 0.5 µm (dpa) were nearly fully 

depleted in chloride (median Cl/Na ratios of 0 – 0.3), compared to the MART SSA (median Cl/Na 

ratios of 0.5 – 0.9) and the standard seawater ratio (1.16) (Fig. 5.7). Further evidence of multiphase 

aging of submicron SSA was also demonstrated by sulfur enrichment (median S/Na ratios 0.07 – 
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0.2) compared to the MART SSA (median S/Na ratios 0 – 0.05) and seawater ratio (0.06) (Fig. 

5.7). Larger ambient SSA ranging from 0.5 – 3.2 µm (dpa) showed Cl/Na (median ratios 0.8 – 1.1) 

and S/Na (0.07 – 0.09) ratios very similar to the MART SSA (median Cl/Na 0.9 – 1.1 and S/Na 

0.5 – 0.7) (Fig. 5.7), indicative of locally-produced nascent SSA. Notably, Cl/Na ratios for MART-

generated and ambient SSA from 0.5 – 3.2 µm (dpa), though similar, were slightly depleted (0.8 – 

0.9) compared to the seawater ratio. Minor chloride depletion in nascent SSA has previously been 

observed with increased biological activity during algal blooms (Schwier et al., 2017), and 

consistent with marine organics influencing the observed SSA composition, discussed in section 

5.3.3.2.  

 
Figure 5.7 Size-resolved median individual SSA particle mole ratios including a) C/Na, b) Cl/Na, 
c) Mg/Na, and d) S/Na, for ambient August 29-30 and September 02-03 samples, and the MART-
generated SSA sample, compared to standard seawater ratios (Pilson, 2013). Particles were sorted 
into 14 logarithmic size bins. Error bars denote 95% confidence intervals.  
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Figure 5.8 Size-resolved median individual SSA particle mole ratios, including a) K/Na, b) Ca/Na, 
and c) N/Na, for ambient August 29-30 and September 02-03 samples, and MART-generated SSA 
sample, compared to standard seawater ratios (Pilson, 2013). Particles were sorted into 14 
logarithmic size bins. Error bars denote 95% confidence intervals. 
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5.3.3.2 Characterization of SSA Organics 

The influence of marine biology was demonstrated by the organic enrichment observed in 

the SSA, present as organic coatings on the salt particles. Individual particle C/Na ratios were 

enriched compared to the standard seawater ratio (0.01, Pilson, 2013), for all size ranges (Fig. 5.7). 

The greatest organic enrichment was observed in the submicron size range (C/Na ratios of 0.07 – 

0.7 for particles from 0.1 – 0.5 µm (dpa), compared to ratios of ~0.01 – 0.03 for 0.5 – 3.2 µm 

particles). Statistically similar C/Na ratios and size-dependent trends were observed for the 

ambient and MART SSA, suggesting that the ambient SSA organic coatings were from the SML. 

These results are consistent with previous observations of submicron SSA C/Na enrichment (0.8 

– 1.1) in the Southern Ocean (Eom et al., 2016), demonstrating transfer of SML organics to the 

aerosol phase (Quinn et al., 2014). For the MART experiment, the open lead seawater dissolved 

organic carbon concentration was 107 ± 1 µM (Table 5.2), similar to some previous midlatitude 

seawater mesocosm studies (Alpert et al., 2015; Fuentes et al., 2010a; Hultin et al., 2010; Keene 

et al., 2017; Schwier et al., 2015) and previous Arctic lead observations (Gao et al., 2012; Orellana 

et al., 2011), indicative of high levels of organic content in the seawater and/or SML.  

 

Table 5.2 Open lead seawater physical, chemical, and biological parameters. 

MART Open Lead (August 26, 2018) 

Seawater sample depth (m) 0.6 

Chlorophyll (µg/L) 0.73 ± 0.02 

Dissolved organic carbon (µM) 107 ± 1 

Dissolved organic nitrogen (µM) 7.4 ± 0.9 

Particulate organic carbon (µg/L) 0.15 ± 0.03 

Particulate organic nitrogen (µg/L) 0.022 ± 0.006 

Open lead seawater temperature (°C) -0.9 

MART seawater temperature (°C) 0.08 

Salinity (g/kg) 28.4 
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To further characterize the observed SSA organics and examine the influence of marine 

biology on SSA chemistry, individual SSA particles were analyzed by Raman microspectroscopy. 

Of the 805 particles analyzed, 26 % were classified into organic types. Marine organic compounds, 

including saccharides, short chain fatty acids, long chain fatty acids, and amino acids, were 

identified in the SSA particles, based on comparison to standard marine organic compound Raman 

spectra (Cochran et al., 2017). The remaining particles either did not provide sufficient Raman 

signal for analysis or fluoresced, masking the Raman signal. Fluorescence is also indicative of 

biological organic material (Fu et al., 2015). A fraction of the particle Raman spectra had 

observable organic modes but too little intensity for organic type characterization and were 

therefore categorized as “trace organics”; these comprised ~40 – 60 %, by number, of all particles 

analyzed for each sample (Fig. 5.9).  

Figure 5.9 shows representative Raman spectra of individual ambient and MART SSA with 

signatures of saccharides, saccharides+short chain fatty acids, and saccharides+amino acids. 

Raman peak assignments are shown in Table 5.3. Similar number fractions of classified organic 

types were present in ambient and MART SSA (Fig. 5.9), and similar organic signatures were 

observed for both sub- and supermicron SSA and between the ambient and MART-generated SSA 

particles, although MART SSA generally demonstrated more intense Raman spectra. The most 

dominant observed organic types were saccharides and saccharides+short chain fatty acids, 

comprising ~30 – 40 %, by number, of each sample.  Additional observed organic types included 

saccharides+long chain fatty acids and saccharides+amino acids. Overall, less than 5% of the SSA, 

by number, only contained short chain and long chain fatty acids without a saccharide signature 

(Fig. 5.9). Saccharides, fatty acids, and amino acids are commonly found in the SML and 

transferred to the aerosol phase (Bikkina et al., 2019; Cochran et al., 2016, 2017; Falk-Petersen et 

al., 1998; Fu et al., 2013; Galgani et al., 2016b; Gantt and Meskhidze, 2013; Jayarathne et al., 

2016; Mashayekhy Rad et al., 2019; Russell et al., 2010; Scalabrin et al., 2012). Saccharides have 

previously been observed in the high Arctic SML and aerosol (Gao et al., 2012; Leck et al., 2013). 

Fatty acids and amino acids have also previously been observed in high Arctic SML and aerosol 

(Mashayekhy Rad et al., 2019; Matrai et al., 2008). These compounds are also components of EPS 

secreted by sea ice algae and bacteria and enriched in the SML in open leads (Gao et al., 2012; 

Hawkins and Russell, 2010; Orellana et al., 2011), consistent with  the influence of the open lead 
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biology on SSA composition (Bigg and Leck, 2008; Leck et al., 2013; Leck and Bigg, 2005a; 

Orellana et al., 2011).  

 

Figure 5.9 Representative individual particle Raman spectra with signatures of (top to bottom) 
saccharides+amino acids, saccharides+short chain fatty acids, and saccharides, for a) ambient SSA 
from the August 29-30 sample and b) MART-generated SSA. c) Number fractions of SSA particle 
Raman spectra best matching standard marine organic compound classes for each sample. Trace 
organics spectra could not be matched to a specific organic compound due to low intensity Raman 
signal. 
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Table 5.3 Observed SSA Raman modes and peak assignments based on literature references. 

Observed Peak Raman Mode Literature Peak 
Position 

Reference 

868 δ(COH), δ(CCH), δ(OCH) side 
group deformations 861 Cochran et al, 2017 

936 
940 skeletal modes (polysaccharides) 941 Movasaghi et al, 2007 

985 na(C-O-C) 991 Cochran et al, 2017 

1010 
1011 
1013 
1015 

n(C-C), n(C-O) 1009 Cochran et al, 2017 

1030 
1038 n(C-C), n(C-O) 1037 Cochran et al, 2017 

1043 
1045 
1046 
1049 
1051 

ν(C-C) 1044 Cochran et al, 2017 

1127 ns(C-C) 1129 Cochran et al, 2017 

1167 
1176 ν(C-C) 1167 Czamara et al, 2015 

1311 
1313 
1314 

δ(CH2OH) deformations 1310 Cochran et al, 2017 

1365 
1370 
1372 
1373 
1383 

δ(CH2OH) deformations 1363 Cochran et al, 2017 

1432 
1435 
1441 

δ(CH₂)/δ(CH₃) 1440 
Ault et al, 2013 

Mertes et all, 2004 

1452 
1454 
1456 
1457 

δ(CH2OH) deformations 1452 Cochran et al, 2017 

1476 
1479 δ(CH2OH) deformations 1475 Cochran et al, 2017 

1605 
1606 
1622 

Amide I 1596 De Gelder et al, 2007 



 

 105 

1641 
1644 
1647 

n(C=C), n(C=O) 1640 Cochran et al, 2017 

2848 νs(CH2) 2850 
Ault et al, 2013 
Deng et al. 2013 

2883 
2885 

νs(CH2) 2880 Ault et al, 2013 

2918 
2919 na(CH) 2915 Cochran et al, 2017 

2937 
2939 
2941 

ns(CH3) 2935 Cochran et al, 2017 

2984 
2985 
2987 

ns(CH3) 2985 Cochran et al, 2017 

2997 
2998 
3000 
3001 

ns(CH3) 2998 Cochran et al, 2017 

3388 
3392 
3397 
3424 
3429 
3430 

ν(O-H) 3402 
3430 

Vargas Jentzsch et al, 2013 
Xiao et al, 2008 

 

5.4 Conclusions 

 Locally produced SSA was observed to be an important contributor to the high Arctic 

aerosol number and mass, with increasing accumulation mode aerosol concentrations observed on 

high wind days with open leads upwind. Local SSA production was observed in the summertime 

high Arctic, with a significant contribution to the accumulation and coarse mode aerosol number 

under high wind conditions and air mass influence over open leads. The chemical composition of 

the observed SSA was similar to that of particles generated from local seawater, consistent with 

lead-based production of nascent SSA (Leck et al., 2002; Nilsson et al., 2001; Scott and Levin, 

1972). The accumulation and coarse mode SSA (~0.1 – 2.0 µm da) were identified as internally 

mixed inorganic salts and marine organics, with few externally mixed marine gels observed in this 

size range. The individual SSA particles were enriched in marine organics, present as organic 

coatings on salt particles, across the observed particle size range (0.1 – 5.0 µm dpa). Significant 
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C/Na enrichment (0.2 – 0.6) above the seawater ratio (0.01) was observed in the submicron range. 

The marine organic content within the open lead was similar to previous high Arctic observations 

(Gao et al., 2012) but indicative of relatively low chlorophyll-a productivity compared to 

midlatitude studies (Fuentes et al., 2010b; Hultin et al., 2010; Keene et al., 2017; Schwier et al., 

2015). The SSA organic coatings were composed of marine-derived saccharides and fatty acids, 

including fucose and xylose, consistent with EPS secreted by sea ice algae and bacteria (Orellana 

et al., 2011). These results further demonstrate the influence of sea ice lead biology on 

accumulation mode and coarse mode SSA through the incorporation of organic coatings on SSA 

particles produced via wind-driven wavebreaking in open leads.   

This local SSA source may be an important climate driver in the high Arctic, with few 

other aerosol sources, as SSA can be efficient CCN (Quinn et al., 2015) and act as INP (DeMott 

et al., 2016). The Arctic environment is often CCN-limited, with aerosol-cloud-precipitation 

interactions leading to low aerosol concentrations (Mauritsen et al., 2011). Previously in the high 

Arctic, CCN concentrations averaging 15 – 30 cm-3 and ranging from 1 – 100 cm-3 have been 

observed, with distinct local sources in Aitken mode aerosol attributed to primary marine organics 

(Leck and Bigg, 2005b; Leck and Svensson, 2015) and a wind-dependent sea salt source in the 

accumulation mode (Leck et al., 2002). The observed SSA may therefore be an important source 

of accumulation mode CCN in the high Arctic. The composition and mixing state of individual 

SSA particles determines CCN efficiency and INP activity, as organics may decrease SSA 

hygroscopicity and suppress CCN efficiency (Collins et al., 2013, 2016), while primary organic 

particles have been identified as active INP (Creamean et al., 2019; Irish et al., 2017; Wilson et 

al., 2015). Arctic clouds have been shown to be particularly sensitive to INP concentrations 

(Harrington et al., 2002; Jiang et al., 2002). For the particles generated from local open lead 

seawater, composed of sea salt and saccharide-rich organic coatings, the INP activity was low. 

There have been few previous studies of INP composition in the high Arctic (Bigg and Leck, 

2001a). Further consideration of cloud-active particle composition and mixing state is needed to 

understand and predict the complex aerosol – cloud – climate interactions in the high Arctic. 
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 Influence of Marine Emissions and Atmospheric Processing on Individual 
Particle Composition of Summertime Arctic Aerosol in the Bering Strait and Chukchi Sea 
 

6.1 Introduction 

  The Arctic region is currently warming at twice the rate of the global average (Pithan and 

Mauritsen, 2014; Serreze and Barry, 2011). In the Arctic summertime, atmospheric particles 

directly affect climate by scattering or absorbing incoming solar radiation, both in the atmosphere 

and on snow and ice-covered surfaces following deposition, contributing to the Arctic 

amplification (Alvarado et al., 2016; Flanner, 2013; Goldenson et al., 2012; Law and Stohl, 2007; 

Quinn et al., 2002, 2008; Willis et al., 2018). Additionally, atmospheric particles impact the Arctic 

climate by participating in cloud formation and altering cloud properties, including cloud 

brightness and lifetime (Martin et al., 2011; Mauritsen et al., 2011; Quinn et al., 2008). Particle 

composition is influenced by condensation of lower volatility species and multiphase reactions in 

the atmosphere with both natural marine and anthropogenic trace gases (Gunsch et al., 2017; Hara, 

2003; Hara et al., 1999; Kirpes et al., 2018). The resulting complex and evolving aerosol 

composition affects subsequent climate-relevant properties, including cloud condensation nuclei 

(CCN) efficiency and ice nucleating particle (INP) activity (Andreae and Rosenfeld, 2008; 

Baustian et al., 2012; Wang et al., 2010). 

 The summertime Arctic is primarily influenced by local and regional aerosol sources 

(Gunsch et al., 2017; Quinn et al., 2002; Willis et al., 2018), which are changing as the Arctic is 

experiencing increasing sea ice loss (Notz and Stroeve, 2016; Overland and Wang, 2013). This sea 

ice loss is particularly extreme in coastal regions, including the Bering and Chukchi Seas in the 

Alaskan Arctic and the Greenland Sea (Stroeve et al., 2014). With declining sea ice, production of 

primary sea spray aerosol and secondary aerosol precursors, including trace gases dimethyl sulfide 

(DMS) and biogenic volatile organic compounds (VOCs), are expected to be increasing (Mungall 

et al., 2017; Sharma et al., 2012; Struthers et al., 2011). Increasing development, including oil and 

gas activity, in the Alaskan, Russian, and Norwegian Arctic also contribute to local anthropogenic 

aerosol and precursor emissions (Dalsøren et al., 2007; Ødemark et al., 2012; Peters et al., 2011). 
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Decreasing sea ice is also expected to facilitate increased shipping activity and associated 

emissions, particularly in the Alaskan Arctic (Dalsøren et al., 2007; Ødemark et al., 2012; Peters 

et al., 2011), since the Bering Strait is a critical point of entry to the Arctic and the Northern Sea 

route (Huntington et al., 2015). Projected increases in ship traffic (by more than 50% by 2050) and 

continued oil and gas activity will contribute to emissions of primary aerosol, including soot (Ault 

et al., 2009, 2010; Murphy et al., 2009), and aerosol precursors including trace gases NOx, SO2, 

and VOCs (Aliabadi et al., 2015; Browse et al., 2013; Dalsøren et al., 2007; Gunsch et al., 2017; 

Kolesar et al., 2017; Peters et al., 2011; Roiger et al., 2015).   

Aerosol mixing state describes the distribution of chemical species across an aerosol 

population and within each individual particle (Riemer et al., 2019). The direction and magnitude 

of aerosol impacts on radiative forcing and clouds are dependent on individual particle 

composition and mixing state. For example, soot absorbs radiation, resulting in warming, and 

sulfate scatters radiation, resulting in cooling, and the hygroscopicity of sea salt can be reduced by 

an organic coating (Willis et al., 2018). Aerosol composition and mixing state are determined by 

aerosol sources and subsequent atmospheric processing through reactions and condensation of 

secondary materials (Ault and Axson, 2017; Prather et al., 2008). Single particle measurements 

are well-suited to determine aerosol mixing state, by measuring the distribution of chemical 

species within individual particles (Ault and Axson, 2017; Laskin et al., 2016; Prather et al., 2008). 

However, few single particle studies have been conducted in the Arctic (Willis et al., 2018). 

Therefore, significant gaps remain in understanding Arctic aerosol mixing state to inform 

prediction of subsequent climate impacts (Willis et al., 2018).  

 Ship-based studies in the Bering Strait and Chukchi Sea have observed influences of both 

natural and anthropogenic sources on aerosol composition, using bulk measurements to determine 

contributions of sea salt, mineral dust, metals, organic compounds, and soot (Kim et al., 2015b; 

Laimin et al., 2008; Laimin and Liqi, 2008; Sakerin et al., 2015; Taketani et al., 2016; Xie et al., 

2006). However, despite the climate implications of this complex aerosol chemistry in the 

summertime Arctic, there have been few single particle measurements in the Bering Strait or 

Chukchi Sea (Kim et al., 2015b; Tian et al., 2019; Xie et al., 2007). In this study, atmospheric 

particles were collected aboard the R/V Araon during August, 2016 within the Bering Strait and 

eastern Chukchi Sea. Subsequent measurements of individual particle chemical composition and 
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morphology were conducted to determine the influences of marine and anthropogenic sources on 

atmospheric composition and mixing state in the Alaskan Arctic.   

6.2 Methods  

Atmospheric aerosol particles were collected aboard the R/V Araon from August 1 – 

August 20, 2016 during a research cruise in the Alaskan Arctic. Particles were collected using a 

microanalysis particle sampler (MPS-3, California Measurements) with aluminum foil substrates 

(MPS Corp.) on stage 2 (0.40 – 2.8 µm aerodynamic diameter, da) and transmission electron 

microscopy (TEM) grid substrates (carbon Type-B Formvar film copper grids, Ted Pella Inc.) on 

stage 3 (0.07 – 0.40 µm da). Samples were sealed and stored in the dark at room temperature (~20 

°C) until analysis. This study focuses on eight sampling periods during the cruise in the Bering 

Strait and Chukchi Sea (Table 6.1, Fig. 6.1). Samples were collected for 12 h durations during 

clean periods, which were determined by establishing a clean sector void of ship emissions, 

defined by the relative wind direction to the bow of the ship. The August 02 sample was collected 

during a port stop at Nome, Alaska, during stagnant air (wind speeds < 2 m/s). For these samples, 

less than 1 % of measured particles, by number, were soot, indicating that the particle samples 

were not influenced by the ship’s emissions.  

Table 6.1 Summary of atmospheric particle samples collected aboard the R/V Araon during 
August, 2016. 

Sample Sample Time 
(UTC) 

Start Location Average 
Wind Speed 

Average 
Temperature  

Weather  

August 01 AM 0418 - 1624 61.67° N, 171.79° W  11 °C clear 

August 01 PM 1639 - 0443 62.97° N, 167.42° W stagnant 11 °C foggy, cloudy 

August 02 0449 - 1625 64.48° N, 165.32° W stagnant 10 °C cloudy 

August 06 0412 - 1603 65.15° N, 168.65° W 5.5 m/s 10 °C foggy, cloudy 

August 10 1845 - 0416 75.12° N, 175.26° W 13 m/s -4 °C cloudy 

August 12 1952 - 0618 77.01° N, 176.62° W  -4 °C cloudy, foggy 

August 14 0623 - 1903 77.99° N, 177.00 °W  -3 °C foggy, cloudy 

August 20 0615 - 1840 76.01° N, 162.30° W 5.5 m/s -1 °C cloudy 
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Figure 6.1 Locations of atmospheric aerosol particle samples collected aboard the R/V Araon 
during August, 2016. 

 Computer-controlled scanning electron microscopy with energy dispersive X-ray 

spectroscopy (CCSEM-EDX) was conducted, with analysis of ~ 1000 particles per sample. 

Samples on stage 3 TEM grid substrates were analyzed using a FEI Quanta environmental SEM 

with a field emission gun (FEG) operating at 20 keV accelerating voltage with a scanning 

transmission electron microscopy high angle annular dark field (STEM HAADF) detector to 

collect SEM images, providing morphological information. An EDX spectrometer (EDAX, Inc.) 

measured individual particle X-ray spectra and provided the relative atomic abundance of elements 

C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Fe, Ni, and Zn. Additional CCSEM-EDX analysis 

of stage 2 samples on aluminum foil were conducted using a FEI Helios SEM/FIB with FEG 

operating at 20 keV with a secondary electron Everhart-Thornley detector to collect SEM images. 

An EDX spectrometer (EDAX, Inc.) measured X-ray spectra and provide the relative atomic 

abundance of elements C, N, O, Na, Mg, P, S, Cl, K, Ca, Ti, V, Fe, Ni, and Zn; Al and Si were 

omitted from stage 2 EDX measurements due to significant background from the substrate and 

detector, respectively (Gunsch et al., 2017). K-means clustering of the individual particle EDX 

spectra resulted in 50 clusters each for all stage 2 particle data and stage 3 particle data, which 
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were then all grouped together into six particle classes (fresh SSA, aged SSA, mineral dust, 

ammonium sulfate, organic aerosol (OA), and soot) based on comparisons of the EDX spectra to 

particle classes determined by previous studies (Ault et al., 2012; Gunsch et al., 2017; Shen et al., 

2016). Prior CCSEM-EDX studies have established EDX spectral signatures for fresh SSA (Ault 

et al., 2013a; Kirpes et al., 2018), aged SSA (Gunsch et al., 2017; Kirpes et al., 2018), mineral dust 

(Axson et al., 2016b; Creamean et al., 2016; Kirpes et al., 2018), ammonium sulfate (Bondy et al., 

2018), OA (Gunsch et al., 2017; Kirpes et al., 2018), and soot (Gunsch et al., 2017; Jiang et al., 

2011). While a small number of particles with morphology indicative of primary biological aerosol 

were observed during manual SEM imaging, no biological particle cluster was identified by k-

means clustering. These particles were likely included in the OA class based on similarity of 

chemical composition (Bondy et al., 2018) and the low abundance of biological particles.  

Individual particle morphology, phase, and infrared spectra were obtained by atomic force 

microscopy with photothermal infrared spectroscopy (AFM-PTIR) using a nanoIR2 instrument 

(Anasys Instruments), following a method previously established for atmospheric particles (Bondy 

et al., 2017a; Kwon et al., 2018; Or et al., 2018). August 2 (12 particles) and August 12 (15 

particles) stage 3 samples (0.07 – 0.40 µm da) were analyzed by AFM-IR. AFM images were 

collected in contact mode at a 1.0 Hz scan rate over a 5 µm x 5 µm area on the copper grid bar of 

the TEM grid substrates. IR spectra were collected over the 900 – 3600 cm-1 range at 4 cm-1 

resolution.  

6.3 Results and Discussion 

6.3.1 Observed Particle Types 

 For atmospheric particles collected within the Bering Strait and Chukchi Sea during August 

2016, six individual particle classes were identified by CCSEM-EDX analysis: fresh SSA, aged 

SSA, organic aerosol (OA), ammonium sulfate, dust, and soot (Fig. 6.2). Fresh SSA particles were 

characterized by Na and Cl with ratios (average Cl/Na =  0.98 ± 0.01, 95% confidence interval) 

similar to seawater (1.16) (Pilson, 2013), indicative of local production (Ault et al., 2013c; Kirpes 

et al., 2018). Aged SSA particles exhibited partial or full Cl depletion (average Cl/Na = 0.2  ± 0.4), 

with replacement by sulfate and/or nitrate (identified by S and/or N in the EDX spectra) (Bondy 

et al., 2017b; Gunsch et al., 2017; Kirpes et al., 2018; May et al., 2018b). SSA aging is a result of 

multiphase reactions during atmospheric transport between sodium chloride and nitrogen- and 
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sulfur-containing gases, resulting in the formation of sodium nitrate and sodium sulfate in the 

particle phase, with Cl liberation in the form of gaseous HCl (Gard et al., 1998; Ravishankara, 

1997). Ammonium sulfate particles were identified based on the predominance of N and S in the 

EDX spectra (Bondy et al., 2018), in addition to their distinct morphology and behavior, as these 

particles are semi-volatile and sensitive to the electron beam during SEM imaging (Even et al., 

1998; Veghte et al., 2014). Since EDX is not particularly sensitive to detection of N (Laskin et al., 

2006), the detection of N and S dominant particles is indicative of an ammonium sulfate rich 

particle type, formed by the reaction of ammonia with sulfuric acid. The ammonium sulfate 

particles likely also contained some organic material. OA particles were characterized by C and 

O, with a fraction of the particles containing S and/or N, indicative of internal mixing of organic 

compounds with sulfate and/or nitrate (Gunsch et al., 2017; Kirpes et al., 2018). Based on their 

morphology, these OA particles are likely secondary aerosol formed from the condensation of 

semivolatile anthropogenic or biogenic trace gases. 

Minor particle types (in total < 5% of the particle number) included dust and soot. Dust 

particles were characterized by Ca, Al, and/or Si; a fraction of particles also contained trace metals 

including Mg and Zn, suggesting influence from both terrestrial and industrial sources (Axson et 

al., 2016b; Creamean et al., 2016, 2018a; Kirpes et al., 2018). Dust particles were overall a small 

fraction of the observed aerosol number (< 3 %), but were present in all samples, likely transported 

from regional sources in Alaska or  from long range transport from the Asian continent (Fitzgerald 

et al., 2015). A small fraction of observed particles were also identified as soot, characterized by 

C-rich EDX spectra and distinct morphology (Fig. 6.2) (Creamean et al., 2018a; Gunsch et al., 

2017; Jiang et al., 2011). This fresh soot was a very small fraction of the observed particles (< 2%, 

by number, from 0.1 – 1.0 µm), indicating that these samples were not contaminated by direct 

emissions from the ship itself. Some aged soot may have been present, internally mixed with OA 

and/or sulfate as a result of atmospheric aging during transport from pollution sources, and these 

particles would be classified as part of the OA type (Gunsch et al., 2017; Kirpes et al., 2018).   
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Figure 6.2 Representative SEM images and EDX spectra of individual particles corresponding to 
the six types, identified by CCSEM-EDX, including: a) fresh SSA, characterized by Na and Cl, b) 
aged SSA, characterized by Na and S, c) aluminum and magnesium dust particle, d) ammonium 
sulfate particle, e) OA particle with sulfur, and f) fresh soot. *Copper, carbon, and oxygen peaks 
include some signal from the TEM grid and substrate background. 

6.3.2 Air Mass Influences and Particle Sources 

 Distinct differences in the size-resolved number fractions of the particle classes were 

observed for particles collected in the Bering Strait compared to the Chukchi Sea, indicative of 

different air mass and source influences (Fig. 6.3 and 6.4). No sea ice was present in the Bering 

Sea during August, 2016, but the region is biologically productive (Hill et al., 2018; Lin et al., 

2014), indicated by high chlorophyll-a concentrations within the Bering Strait (Fig. 6.3). There 

was also minimal sea ice present in the Chukchi Sea during this period, with samples collected 

from open water or the marginal ice zone (Fig. 6.4). With this great extent of open water, marine 

influences were present in the Bering Strait and Chukchi Sea. However, the Bering Strait also 

experienced terrestrial dust influence from Alaska and eastern Russia, and anthropogenic influence 

from oil and gas activity and shipping activity.  
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Bering Strait samples included August 01 AM (morning) and PM (evening), August 02, and 

August 06. Backward air mass trajectories showed influence of marine coastal regions within the 

Bering Strait for August 01 AM and PM and August 02, and terrestrial influence from inland 

Alaska on August 06 (Fig. 6.3). All Bering Strait samples showed coastal marine and 

anthropogenic influence. Fresh SSA was the dominant particle type in the supermicron range (55 

- 65 % of particles, by number), and was present in the submicron range as well (20 – 30 %, by 

number), with aged SSA comprising only ~20 %, by number, of particles in the submicron size 

range (0.1 – 1.0 µm dpa) (Bondy et al., 2017b) (Fig. 6.3). Consistent with this observation, previous 

bulk aerosol studies have observed influence of sodium and chloride in the Bering Strait (Kim et 

al., 2015b; Laimin et al., 2008; Sakerin et al., 2015). 

Dust was also present in all Bering Strait samples (~3 %, by number, from 0.5 – 5.0 µm), 

from terrestrial and industrial sources (Creamean et al., 2018a; Gunsch et al., 2017; Laimin et al., 

2008; Xie et al., 2006). Increased number fractions of dust were present in both the sub- and 

supermicron ranges on August 01 (Fig. 6.3), with air masses from eastern Russia. These August 

01 dust particles contained aluminum and zinc, likely from Russian industrial sources (de Velde 

et al., 2000), while calcium-containing dust was present in all samples (< 5 %, by number), likely 

from crustal weathering dust (Creamean et al., 2016; Fitzgerald et al., 2015; Laimin et al., 2008). 

In all Bering Strait samples, OA particles dominated the submicron size range (40 - 50 %, 

by number) (Fig. 6.3). Previous studies have attributed OA observed in the Bering Strait to marine 

biogenic gaseous precursors (Bikkina et al., 2015; Kim et al., 2015b), wildfires (Atkinson et al., 

2013), and anthropogenic sources (e.g. shipping emissions) (Kim et al., 2015b; Xie et al., 2007). 

Vanadium, a tracer for shipping emissions, was present in 7% of the Bering Strait OA particles, 

with similar number fractions of vanadium-containing particles observed in all samples. In 

addition to OA, ammonium sulfate (likely also containing organics) contributed a significant 

fraction to the aerosol number (~15 – 25 %) in both the submicron (0.1 – 1.0 µm dpa) and 

supermicron (1.0 – 5.0 µm dpa) size ranges (Fig. 6.3). Sources of ammonia, a precursor to 

ammonium sulfate aerosol, in the Arctic include continental sources (e.g. wildfires), microbial 

oxidation of marine dissolved organic nitrogen, and seabirds (Croft et al., 2016; Eom et al., 2016; 

Fisher et al., 2011; Vancoppenolle et al., 2013; Wentworth et al., 2016). On August 01 and 02, 

there were wildfires present upwind in eastern Russia (Fig. 6.5). There are also large seabird 

colonies present in the Bering Strait during summer (Croft et al., 2016; Wentworth et al., 2016), 



 

 116 

likely a large contributor to atmospheric ammonia and subsequent ammonium sulfate formation 

(Croft et al., 2016; Giamarelou et al., 2016; Köllner et al., 2017; Wentworth et al., 2016; Willis et 

al., 2017). The August 02 sample had a greater number fraction of ammonium sulfate particles in 

both the submicron (0.1 – 1.0 µm dpa, 25 %, by number) and supermicron (1.0 – 5.0 µm dpa, 65 %, 

by number) size ranges, compared to the other samples (Fig. 6.3). It was also characterized by an 

increased number fraction of supermicron aged SSA (10 %, by number) (Fig. 6.3), indicative of 

more polluted air mass influence, including local sources at Nome.  

Only a small fraction of soot was observed in the Bering Strait samples (<5 %, by number, 

from 0.1 – 0.5 µm). No significant soot fraction was observed on August 02 (< 1%) during the 

stop at Nome, consistent with other samples. Low background levels of soot, averaging 1.0 ng/m3, 

have been previously observed in this region (Taketani et al., 2016). Local combustion emissions 

from Nome are expected to be below the measured size range (< 0.1 µm dpa) (Moffet and Prather, 

2009). The August 06 sample showed an increased fraction of submicron (0.1 – 1.0 dpa) soot, likely 

from inland pollution sources near Fairbanks (Browse et al., 2012; Gunsch et al., 2017; Taketani 

et al., 2016), consistent with aging timescales for soot in remote environments (Fig. 6.3) (China et 

al., 2015; Shen et al., 2014). 
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Figure 6.3 a) Average size-resolved CCSEM-EDX number fraction distributions of observed 
particle types from 0.1 to 5.0 µm projected area diameter for all Bering Strait samples. Number 
fractions of particle types observed for each Bering Strait sample in the b) submicron and c) 
supermicron size ranges. d) Air mass influence of each Bering Strait sample as determined by 
NOAA HYPSLIT 48 h backward air mass trajectories. Stars denote particle sampling locations. 
MODIS ocean chlorophyll-a concentrations (NASA Worldview) across the sampling region on 
August 1, 2016 are shown. 

d)
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Figure 6.4 a) Average size-resolved CCSEM-EDX number fraction distributions of observed 
particle types from 0.1 to 5.0 µm projected area diameter for all Chukchi Sea samples. Number 
fractions of particle types observed for each Chukchi Sea sample in the b) submicron and c) 
supermicron size ranges. d) Air mass influence of each Chukchi Sea sample as determined by 
NOAA HYPSLIT 48 h backward air mass trajectories. Stars denote particle sampling locations. 
Nimbus-7 SMMR and SSM/I-SSMIS sea ice concentration map (NASA Worldview) of the 
sampling region on August 14, 2016 is shown. 

d)
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Figure 6.5 Suomi NPP/VIIRS fires and thermal anomalies (NASA Worldview) on August 01, 
2016 in eastern Russian and Alaska, shown as red dots. 

 In contrast to the Bering Strait samples showing influence of anthropogenic pollution and 

terrestrial emissions, the Chukchi Sea samples, collected on August 10, 12, 14, and 20, showed 

primarily marine influence. These samples were all influenced by air mass trajectories coming 

from within the Chukchi Sea and across the Arctic Ocean, through the marginal ice zone and pack 

ice (Fig. 6.4). Consistent with this marine influence, supermicron (1.0 – 5.0 µm dpa) particles were 

mainly fresh SSA (60 – 80 %, by number), and submicron particles were mainly OA (50 %, by 

number, from 0.5 – 1.0 µm and 85 %, by number, from 0.1 – 0.5 µm) (Fig. 6.4).  Previous studies 

in the Chukchi Sea have identified sea spray aerosol and marine biogenic aerosol (OA) as major 

sources (Kim et al., 2015b; Laimin et al., 2008; Tian et al., 2019; Xie et al., 2006; Ye et al., 2015). 

Aged SSA comprised only ~10 % of the particle number across both the sub- and supermicron 

size ranges (Fig. 6.4), consistent with limited pollution influence. Ammonium sulfate and dust 

particles each contributed less than ~ 5 % of the overall particle number, and soot was negligible, 

suggesting minor influence of anthropogenic and terrestrial sources. All Chukchi Sea samples, like 

the Bering Strait samples, contained a small fraction (< 1%) of calcium-containing dust. However, 

silicon-containing dust was observed only in the Chukchi Sea samples, and the aluminum- or zinc-

containing dust was unique to the Bering Strait samples. Silicon-containing dust is likely from soil 

or coastal beach sand sources, indicating a small amount of terrestrial influence (Gunsch et al., 

2017; Laimin et al., 2008).  
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Notably, the August 14 Chukchi Sea sample was influenced by an air mass that had traveled from 

across the pack ice in the central Arctic Ocean (Fig. 6.4). Compared to the other Chukchi Sea 

samples, this sample had increased number fractions of aged SSA (~25% of submicron and ~20% 

of supermicron particles, by number) and OA (~70% of submicron and ~20% of supermicron 

particles, by number) (Fig. 6.4). This sample also had a smaller number fraction of fresh SSA 

(40%) compared to the other Chukchi Sea samples (85 - 95%), indicative of longer atmospheric 

transport over the pack ice. Additionally, a greater number fraction of the OA particles observed 

on August 14 contained sulfate (48% of supermicron OA particles and 88% of submicron OA 

particles, by number), compared to the other Chukchi Sea samples (15% of supermicron OA 

particles and 45% of submicron OA particles, by number) (Fig. 6.4). The increased fraction of 

aerosol containing secondary sulfate is consistent with an aged air mass transported further from 

aerosol sources over a region with greater ice concentration in the central Arctic Ocean 

(Heintzenberg et al., 2015; Kirpes et al., 2018; May et al., 2016b).  

6.3.3 Aerosol Mixing State 

 To further investigate the degree of atmospheric aging of the observed SSA, average 

individual particle S/Na, N/Na, and Cl/Na ratios were determined for the SSA (fresh and aged) for 

the Bering Strait and Chukchi Sea samples (Fig. 6.6). For the Bering Strait SSA particles, 

individual particle Cl/Na ratios were depleted relative to seawater (1.16) (Pilson, 2013), with 

greater depletion observed for submicron SSA (Cl/Na of 0.40 ± 0.02, 95% confidence interval) 

than supermicron SSA (0.98 ± 0.04) (Fig. 6.6), consistent with the greater fraction of submicron 

aged SSA (Fig. 6.3). Additionally, S/Na (0.165 ± 0.007 for submicron and 0.139 ± 0.006 for 

supermicron SSA) and N/Na ratios (0.035 ± 0.002 for submicron and 0.081 ± 0.004 for 

supermicron SSA) were enhanced relative to seawater (0.06 and 0.0002, respectively) (Pilson, 

2013), with greater N/Na enrichment observed for supermicron SSA (Fig. 6.6). SSA aging by 

reactions with SO2 or H2SO4 is commonly observed in the Arctic (Gunsch et al., 2017; Hara, 2003; 

Hara et al., 2002c; Kirpes et al., 2018), and is consistent with the anthropogenic air mass influences 

observed for the Bering Strait samples. In comparison, Chukchi Sea SSA particles were more 

similar in composition to seawater, indicative of fresh SSA (Ault et al., 2013c; Gunsch et al., 2017; 

Kirpes et al., 2018), with supermicron Cl/Na ratios (1.02 ± 0.05) close to the seawater ratio (1.16). 

Slight chloride depletion was observed for submicron Cl/Na (0.75 ± 0.04), with slight S/Na and 
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N/Na enrichment for both sub- (0.154 ± 0.008 S/Na and 0.039 ± 0.002 N/Na) and supermicron 

particles (0.139 ± 0.007 S/Na and 0.070 ± 0.004 N/Na) (Fig. 6.6), consistent with the small fraction 

of aged SSA observed in addition to fresh SSA (Fig. 6.4).  

High concentrations of chlorophyll-a (0.5 – 20 mg/m3) were observed along the sampling 

track (Fig. 6.3), as the Bering Strait is a region of biologically productive water (Arrigo and van 

Dijken, 2015; Huntington et al., 2015), enriched in organic material that has been observed in the 

aerosol phase (Bikkina et al., 2015; Li et al., 2017). Enrichment of marine organics in Arctic SSA 

has been previously observed as an organic coating on the salt particles (Russell et al., 2010), and 

previous observations in Antarctica have shown increased SSA C/Na ratios in more productive 

waters (Eom et al., 2016). For supermicron SSA particles (collected on foil substrates), C/Na ratios 

were compared to seawater to determine carbon enrichment. For the Bering Strait samples, 39 %, 

by number, of the SSA particles contained carbon, with C/Na ratios between 0.05 and 0.2 (Fig 

6.6), compared to the seawater ratio of 0.01 (Pilson, 2013). For the Chukchi Sea samples, 60 % of 

the SSA particles from the Chukchi Sea samples contained carbon, with C/Na ratios between 0.05 

and 0.5 (Fig. 6.6). A higher number fraction of Chukchi Sea SSA particles had C/Na ratios greater 

than 0.1 (20 %), compared to the Bering Strait SSA (5 %). This may be indicative of increased 

productivity near the ice edge in the Chukchi Sea (Gosselin et al., 1997; Hill et al., 2018; Kim et 

al., 2015a), providing additional organic material that is transferred to the aerosol phase.  This is 

consistent with previous observations of SSA organic enrichment present as an organic coating on 

the inorganic salt core, which may alter CCN efficiency (Collins et al., 2013; Forestieri et al., 2016; 

Moore et al., 2011; Schill et al., 2015; Wex et al., 2010). 
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Figure 6.6 Average S/Na, N/Na, and Cl/Na mole ratios for individual sea spray aerosol (SSA) 
particles for a) Bering Strait and c) Chukchi Sea samples, compared to standard seawater ratios 
(Pilson, 2013). Error bars denote 95% confidence intervals. Histograms of C/Na mole ratios for 
individual supermicron SSA particles on foil substrates for b) Bering Strait and d) Chukchi Sea 
samples. 

 The mixing state of OA was also investigated by examining the number fractions of 

individual particles containing sulfur (sulfate) and/or nitrogen (nitrate). Internal mixing of organics 

and sulfate in submicron OA particles was confirmed by AFM-IR analysis (Fig. 6.7). For both the 

Bering Strait and Chukchi Sea samples, greater number fractions, determined by CCSEM-EDX, 

of supermicron OA particles contained sulfate and nitrate (60 – 70 % of supermicron particles, 

compared to 15 % of submicron particles, by number), possibly due to challenges in detecting S 

and N by EDX in the submicron particles (Laskin et al., 2006). Overall, a greater number fraction 

of Bering Strait OA particles contained sulfate and/or nitrate, determined by CCSEM-EDX. For 

supermicron Bering Strait OA particles, 50 %, by number, contained both sulfate and nitrate, with 

16 % only containing sulfate, and 3 % only containing nitrate (Fig 6.8). For submicron Bering 



 

 123 

Strait OA, 8 %, by number contained only sulfate, 2 %, by number, contained only nitrate, and 5 

%, by number, contained both sulfate and nitrate (Fig. 6.8). Previous summertime studies have 

measured non-sea salt sulfate within the north Bering Sea, with higher concentrations observed 

with more pollution influence (Aranami et al., 2002). The Bering Strait is a busy shipping lane, 

providing NOx and SO2 combustion emissions for nitrate and sulfate formation (Aliabadi et al., 

2015; Ødemark et al., 2012; Peters et al., 2011; Roiger et al., 2015). In addition, in the summer, a 

fraction of the OA particulate sulfate likely originates from marine DMS oxidation 

(Ghahremaninezhad et al., 2016; Kerminen and Leck, 2001; Lundén et al., 2007; Mungall et al., 

2016). Elevated DMS levels have been observed in the Bering and Chukchi Seas and correlated 

with phytoplankton chlorophyll (Barnard et al., 1984; Jodwalis et al., 2000; Li et al., 2019; Sharma 

et al., 1999), with high chlorophyll levels observed in the region (Fig. 6.3), suggesting both marine 

and anthropogenic sources influence the OA mixing state. 

 
Figure 6.7 a) AFM deflection image and b) corresponding IR spectrum of a representative organic 
particle (indicated by the arrow) containing sulfate and organics. 
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Figure 6.8 Number fractions, determined by CCSEM-EDX, of individual organic aerosol (OA) 
particles containing sulfate (S), nitrate (N), or sulfate and nitrate (S & N) for a) Bering Strait and 
b) Chukchi Sea samples. 

Chukchi Sea samples had smaller number fractions of OA particles containing both sulfate 

and nitrate compared to Bering Strait samples. In the submicron size range (0.1 – 1.0 µm), 10 % 

of the OA particles, by number, contained only sulfate, 2 % contained only nitrate, and 3 % 

contained both sulfate and nitrate (Fig. 6.8). For supermicron OA (1.0 – 5.0 µm), 28 % contained 

sulfate and nitrate, 33 % contained only sulfate, and 1 % contained only nitrate (Fig. 6.8). Given 

the sampling locations and limited nitrate contributions, these are likely marine-derived OA 

particles with sulfate from DMS oxidation, rather than anthropogenic SO2 oxidation (Barrett and 

Sheesley, 2017; Kim et al., 2015b; Shaw et al., 2010). Elevated levels of MSA (average 12 ng/m3) 

have been previously observed during summer near the ice edge in the Chukchi Sea (Ye et al., 

2015). Additionally, marine VOCs have recently been observed to be involved in Arctic secondary 

OA formation (Croft et al., 2019; Mungall et al., 2017; Willis et al., 2017). Primary OA from 

marine sources have also been previously observed in the summer Arctic, with organic compounds 

including saccharides, fatty acids, and amino acids identified in aerosols, further supporting the 

origin of the Chukchi Sea OA particles as marine (Fu et al., 2013; Kawamura et al., 2012; Kim et 

al., 2015a). 

6.4 Conclusions 

 Characterization of aerosol mixing state in the summertime Alaskan Arctic is important for 

determining particle CCN efficiency and INP activity, influence on surface albedo, and resulting 
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climate effects in the region with declining sea ice. Previous studies in the region have observed 

influence of marine biogenic and anthropogenic sources on the aerosol composition (Kim et al., 

2015b; Laimin et al., 2008; Laimin and Liqi, 2008; Sakerin et al., 2015; Taketani et al., 2016; Xie 

et al., 2006), but there have been few single particle studies to determine the aerosol mixing state 

(Kim et al., 2015b; Xie et al., 2007). Individual atmospheric particles collected in the summertime 

Alaskan Arctic within the Bering Strait and Chukchi Sea were comprised primarily of fresh and 

aged sea spray aerosol, organic aerosol, and ammonium sulfate particles. Chukchi Sea samples 

were primarily marine influenced, with fresh SSA and OA. In contrast, Bering Strait samples 

contained more aged SSA, ammonium sulfate, soot, and internally mixed sulfate with OA, 

indicating anthropogenic and terrestrial influence on the aerosol mixing state. In a changing Arctic 

with decreasing sea ice, increasing emissions of SSA are expected (Struthers et al., 2011), as well 

as greater anthropogenic influence from increasing shipping activity (Dalsøren et al., 2007; 

Ødemark et al., 2012; Peters et al., 2011), particularly in the Bering Strait (Huntington et al., 2015). 

These evolving aerosol and precursor gas sources will likely impact regional atmospheric 

chemistry and climate effects, including cloud formation and properties (Creamean et al., 2018b; 

Maahn et al., 2017).  

Further studies are needed for improved predictions of atmospheric composition and 

climate impacts in the changing Arctic. Continued studies are needed to determine the impacts of 

sea ice loss on both natural and anthropogenic emissions, as increasing open water will result in 

greater marine aerosol and trace gas emissions, as well as increasing combustion emissions from 

development and shipping activity. Additionally, a more detailed molecular characterization of 

OA composition is necessary to further investigate OA sources, formation mechanisms, and 

potential climate impacts. Within the Bering Strait and Chukchi Sea, measurements across seasons 

are needed to characterize aerosol sources, concentrations, and mixing state with increasing sea 

ice loss, particularly during autumn freeze up and with springtime algal blooms. In order to 

determine aerosol-cloud-climate impacts in the Bering Strait and Chukchi Sea region, 

measurements of concurrent cloud and aerosol properties are needed, including CCN and INP 

measurements. Observations of aerosol and cloud properties across seasons are necessary to 

understand the seasonality of aerosol-cloud impacts in the Alaskan Arctic, given rapidly changing 

sea ice conditions. 
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 Solid Ammonium Sulfate Aerosol in the Cold, Humid Summertime Arctic 

7.1 Introduction 

 In the atmosphere, aerosols impact climate by directly scattering or absorbing solar 

radiation and taking up water to act as cloud condensation nuclei (CCN) or ice nucleating particles 

(INP), modifying cloud properties. Water uptake is intrinsically a single-particle process governed 

by an individual particle’s physicochemical properties, such as size, composition, phase, and 

morphology (Farmer et al., 2015; Riemer et al., 2019). Aerosol phase impacts particle reactivity 

(Riva et al., 2016; Zhang et al., 2018), water uptake (Berkemeier et al., 2014), gas partitioning 

(Riva et al., 2016; Zhang et al., 2018), optical properties (Moffet and Prather, 2009), and CCN 

activity (Farmer et al., 2015). Particles with high viscosity impact heterogeneous chemistry by 

inhibiting diffusion into particles (Koop et al., 2011; Renbaum-Wolff et al., 2013; Zhou et al., 

2019). Thus, it is critical to understand the water phase behavior of a particle to be able to predict 

aerosol impacts on climate. Water uptake calculations are typically driven by thermodynamic 

predictions incorporated into global climate models. However, recent laboratory and field 

evidence, as well as modeling predictions, have suggested that organic particles are more often in 

a solid or viscous state than previously assumed.  

Despite the evidence for frequent solid or glassy organic particles (Lienhard et al., 2015; 

Reid et al., 2018), ubiquitous hygroscopic inorganic components, such as ammonium sulfate, are 

presumed to be primarily present as ions dissolved in aqueous particles in the marine boundary 

layer due to the high RH. When considering the phase of ammonium sulfate there is a well-known 

hysteresis effect where solid ammonium sulfate will undergo a phase transition to an aqueous 

particle at 78% RH when RH is increasing, while a liquid particle will not crystallize when drying 

until 34% RH. Thus, since the presumed formation mechanism for SO42- (aq) in the Arctic 

troposphere is aqueous phase oxidation of SO2 and the RH over the Arctic Ocean does not go 

below 34%, it is commonly assumed that ammonium sulfate is present as ions in aqueous particles 

in the summertime Arctic. Even at temperatures approaching 0 °C, the phase transition to a solid 

for pure ammonium sulfate is not predicted at ambient RH values by the ammonium sulfate phase 

diagram (Xu et al., 2002).  
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 In this study we report the surprising observation of solid ammonium sulfate particles with 

thin organic coatings collected in the summertime Arctic at temperatures and RH values (77 – 

94%) where ammonium sulfate is predicted to be present in aqueous particles. These particles were 

characterized using a multimodal microspectroscopic approach to determine their chemical 

composition, phase, and morphology. A combination of laboratory studies, thermodynamic 

modeling, and attribution of sources and formation processes are used to explain these unexpected 

results and their potential implications for atmospheric chemistry in cold, humid environments, 

such as the summertime Arctic marine boundary layer. 

7.2 Methods 

7.2.1 Sample Collection 

Atmospheric particles were sampled at a tundra field site (71°16’30” N, 156°38’26” W), 

near Utqiaġvik, Alaska during August – September, 2015. Individual particles (70 – 400 nm 

aerodynamic diameter) were collected using a microanalysis particle sampler (MPS-3, California 

Measurements Inc.) with TEM grid substrates (carbon Type-B Formvar film copper grids, Ted 

Pella Inc.). Samples were collected for ~8 h, with 22 samples containing significant number 

fractions of the ammonium sulfate particle type discussed herein (Table 7.1). Complete sampling 

details can be found in Gunsch et al. (Gunsch et al., 2017). PM10 samples were collected onto 

prebaked quartz filters using a high-volume sampler over a duration of 7 days. Samples were 

collected at the Utqiaġvik site. Samples were stored in baked aluminum foil packets at -10° C until 

analysis.  
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Table 7.1 Atmospheric aerosol sampling periods containing significant number fractions of 
ammonium sulfate particles. 

Sample start time (AKDT) Sample end time (AKDT) 

082415 1600 082515 0000 

082515 0000 082515 0800 

082715 0000 082715 0800 

082715 0800 082715 1600 

082715 1600 082715 1600 

082915 0000 082915 0800 

082915 0800 082915 1600 

082915 0800 082915 1600 

082915 1600 083015 0000 

090515 0000 090515 0800 

090515 0800 090515 1600 

090515 1600 090615 0000 

090715 0000 090715 0800 

090715 0800 090715 1600 

090715 1600 090815 0000 

090815 0000 090815 0800 

090815 0800 090815 1600 

090915 0000 090915 0800 

091515 0000 091515 0800 

091615 0000 091615 0800 

092315 0800 092315 1600 

092315 1600 092415 0000 

 

7.2.2 Particle Generation 

 Ammonium sulfate aerosol particles were generated using an atomizer from a 10 µM 

solution (Fisher Scientific, 99.7 % ammonium sulfate). Particles 200 nm in diameter were selected 

using a differential mobility analyzer (DMA, TSI Inc., model 3082) to be representative of the 
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observed ambient particle size mode. The relative humidity within the DMA was controlled using 

a humidified air flow or diffusion driers upstream to generate aqueous and solid particles at 50 % 

and 15 % RH, respectively. Particles were impacted onto TEM grids for offline analysis using a 

MPS. 

7.2.3 Single Particle Microscopy Measurements 

The TEM grid substrates were analyzed by computer-controlled SEM-EDX using a FEI 

Quanta scanning electron microscope with field emission gun operating at 20 keV accelerating 

voltage. The instrument is equipped with a high angle annular dark field detector and energy-

dispersive X-ray detector (EDAX, Inc) to provide information on the size, morphology, and 

elemental composition of individual particles. K-means clustering of the EDX data identified 

unique particle classes, as described by Gunsch et al. (2017) and references therein. Additional 

SEM images were collected using a secondary electron detector with the sample tilted 75° to 

provide additional information on particle three-dimensional morphology. 

AFM-IR was used to further probe the morphology and chemical composition of individual 

particles using a nanoIR2 (Anasys Instruments). AFM images were collected in contact mode at a 

0.75 Hz scan rate over a 5 µm x 5 µm area on the copper grid bar of the TEM grid substrate in 

order to measure the diameter and height of individual particles, according to a method for AFM-

IR application to aerosol particles (Bondy et al., 2017a; Kwon et al., 2018). IR spectra were 

collected over the 900 – 3600 cm-1 range at 4 cm-1/point resolution. Additional AFM images were 

collected in tapping mode to provide information on phase (Schmitz et al., 1997).  

STXM-NEXAFS was conducted over the carbon K-absorption edge and sulfur L-

absorption edge to distinguish carbon and sulfur oxidation states present in the individual particles, 

using a previously described method (Hopkins et al., 2008; Moffet et al., 2010a). Briefly, X-ray 

energies are selected with a monochromator and raster scanned across the sample. Images at 

closely spaced X-ray energies are combined to create an image stack, and X-ray spectra are 

converted to optical density using the Beer-Lambert law. Pre-edge/post-edge ratios of X-ray 

absorption over the carbon K-absorption edge (280 – 320 eV) were used to create a map showing 

the relative contribution of organic and inorganic components in individual particles. Sulfur L-

absorption edge spectra were collected over the 168 – 176 eV range. The ratio of peaks at 1702.9 

and 170.9 eV was used to assess the relative contribution of different sulfur oxidation states (S(V) 

and S(VI)).  
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7.2.4 Bulk Particle Filter Analysis 

Small portions of the quartz filters were extracted in 25 ml Milli-Q (Ω 18.2) water and 

sonicated for 30 min before analysis by ion chromatography. Extract was sampled into 200 µL 

injection loops using a 1 ml syringe with 0.22 µM PVDF filter. Dionex ICS-1100 and ICS-2100 

ion chromatographs were used to analyze inorganic ions in solution, including Na+ (LOD 2.35 µM) 

and SO42- (LOD 0.32 µM). The ion chromatographs were each equipped with a guard column 

(ICS-1100: AG18 RFIC, 4 x 50 mm, IonPac; ICS-2100: UTAC-ULP1 RFIC, 5x23 mm, Dionex), 

analytical column (ICS-1100: CS12A-5µm, RFIC; ICS-2100: AS18 RFIC, 4 x 50 mm, IonPac), 

suppressor (ICS-110: CERS-4 mm 500 RFIC, ICS-2100: AERS500 4 mm, Dionex), and a heated 

conductivity cell (DS6, Dionex).  Methanesulfonic acid (20 mM) was used as eluent for the cation 

column, and a KOH gradient generated by an EGC III KOH system was used as eluent for the 

anion column.  All samples were run in triplicate, with average values and standard deviations 

reported herein. Additional ion chromatography analysis was conducted using the same extraction 

procedure and sampled onto a column equipped to measure methanesulfonic acid (MSA). Portions 

of the quartz filter were also combusted and analyzed for sulfur elemental and isotope analysis 

using a ThermoFinnigan MAT 253/Eurovector EA. 

7.3 Results and Discussion 

7.3.1 Solid Particles Observed at Low Temperature and High Relative Humidity  

Ambient particles were collected at a coastal Arctic location during August – September 

2015, at ambient temperatures between –3˚ – 10 ˚C and relative humidities between 77 – 94%. 

Microscopic analysis revealed a unique ammonium sulfate particle type exhibiting an unexpected 

solid phase and complex morphology (Fig. 7.1). The physical properties of these particles were 

investigated using atomic force microscopy (AFM), which demonstrated the tall nature of the 

particles, with heights of 150 – 200 nm measured for 200 – 500 nm dpa particles (Fig 7.1). These 

heights are ~3 – 4 times larger than for an aqueous ammonium sulfate particle (Bondy et al., 2017a) 

which spread out nearly flat upon impaction (Koop et al., 2011), indicative of a solid or viscous 

phase present in the ambient particles. AFM phase images revealed heterogeneity within the 

particles, showing a difference in particle phase (Schmitz et al., 1997), particularly between the 

particle core and edge protrusions (Fig. 7.1), indicative of a core-shell structure. Scanning 

transmission electron microscopy imaging showed that most of these round particles contained 
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small cubic edge protrusions that were brighter than the particle core (Fig. 7.1), indicating different 

phases between the core and shell components (Yamashita et al., 2018). Scanning electron 

microscopy (SEM) images collected at a 75° tilt further demonstrated the tall, hemispherical nature 

of these particles (Fig. 7.1), indicative of a solid or viscous phase (Wang et al., 2016), in 

comparison to other flat, liquid particle types (Fig. 7.2). This morphology has not been previously 

observed for ambient particles in the Arctic or beyond, suggesting it is unique to the observed 

atmospheric conditions and particle’s history since its formation. Based on the ambient conditions 

during sampling, ammonium sulfate particles would be expected to be in a liquid phase, 

particularly for small submicron particles (Laskina et al., 2015), as particle phase transitions and 

phase separation may depend on particle size (Cheng et al., 2015; Veghte et al., 2013). These 

particles were frequently observed in the submicron size range, comprising 15 – 20 % of the total 

particle number fraction from 100 - 500 nm (projected area diameter, dpa) (Fig. 7.1), indicating a 

significant fraction of the observed particle number exhibited a solid phase in a key size range for 

CCN activation (Gunsch et al., 2017). 

The physical properties of these particles determined by AFM analysis were compared to 

the morphology of standard laboratory-generated liquid (deliquesced) and solid (effloresced) 

ammonium sulfate particles (Fig. 7.3). Particle phase can be inferred by the extent of spreading 

when inertially impacted onto a substrate at ambient pressure, determined by the particle diameter 

and height. AFM height traces of each particle type at similar diameters showed that the tall 

ambient particles were similar to solid ammonium sulfate particles, while the liquid particles were 

shorter (Fig. 7.3). Three-dimensional AFM height images further demonstrated the similar 

morphology of the tall ambient and solid ammonium sulfate particles, compared to the liquid 

ammonium sulfate particles (Fig. 7.3), indicating the ambient particles exhibited a solid phase (Lee 

et al., 2017).  
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Figure 7.1 AFM a-b) height and c) phase images demonstrating the unique morphology of the 
observed ammonium sulfate particles. SEM d-e) STEM images and  f) 75 ˚ tilted image further 
demonstrating the morphology of these particles. g) size-resolved relative number fraction of the 
ammonium sulfate particle type, compared to a representative ambient aerosol size distribution 
from September 07, 2015. 

Height

300 nm

300 nm

100 nm

100 nm

1 µm

Transmission

Tilt

Transmission

HeightHeight

Phase

a) b)

c)

d)
e)

f)

g)



 

 134 

 
Figure 7.2 75˚ tilted SEM image demonstrating the presence of the solid particle type, circled in 
white, and other liquid particle types, circled in cyan. 

 
Figure 7.3 a) average AFM height traces for ambient particles, solid ammonium sulfate, and liquid 
ammonium sulfate particles. AFM three-dimensional height profiles for b) ambient particles, c) 
solid ammonium sulfate, and e) liquid ammonium sulfate particles. 
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7.3.2 Chemical Composition and Phase Separation 

In order to understand the possible factors contributing to the observed morphology and 

phase, the chemical composition of the individual particles was determined. SEM coupled with 

energy dispersive X-ray spectroscopy (SEM-EDX) identified carbon, oxygen, and sulfur in the 

individual particles (Fig. 7.4, Fig. 7.5), indicative of sulfate and organics. Notably, these particles 

were extremely sensitive to the electron beam, characteristic of ammonium sulfate (Veghte et al., 

2014). Scanning transmission X-ray microscopy with near-edge X-ray absorption fine structure 

(STXM-NEXAFS) spectra of individual particles over the sulfur L-edge confirmed the presence 

of sulfate (S(VI)) in the particles (Fig. 7.6) (Hopkins et al., 2008). In order to further characterize 

the chemical composition of the individual particles, AFM coupled with photothermal infrared 

spectroscopy (AFM-IR) was used to identify functional groups present in particles smaller than 

the optical diffraction limit (Bondy et al., 2017a; Dazzi et al., 2012). AFM-IR analysis of individual 

particles identified ammonium sulfate, with characteristic n(SO42-) and ∂(NH4+) modes at 1082 

cm-1 and 1420 cm-1, respectively (Bondy et al., 2017a; Cziczo and Abbatt, 1999), and a ∂(OH) 

mode at 1726 cm-1 (Cziczo and Abbatt, 1999) (Fig. 7.4). Notably, the location of an ammonium 

∂(NH4+) mode at 1420 cm-1 is consistent with solid ammonium sulfate (Cziczo and Abbatt, 1999), 

from studies of efflorescence. AFM-IR analysis also indicated trace organic species were present 

in the particles, with peaks at 1098 cm-1 and 1260 cm-1 corresponding to n(CO) modes (Larkin, 

2011) (Fig. 7.4).  
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Figure 7.4 a) average EDX spectrum for the ammonium sulfate particle type b) representative 
AFM-IR spectrum of an ammonium sulfate particle. c) STXM-NEXAFS map showing the 
distribution of inorganic (blue), organic (green), and sp2 carbon (red) within individual sulfur-rich 
particles. d) average organic and inorganic fractions for the coating and core regions of sulfur-rich 
particles determined by STXM-NEXAFs. e) Distribution of inorganic and organic thickness from 
coating to core of a representative ammonium sulfate particle, determined by STXM-NEXAFS.  
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Figure 7.5 Raw EDX spectrum of a solid particle containing carbon, oxygen, and sulfur. *C and 
O peaks contain some signal from the substrate background. 

 
Figure 7.6 Representative STXM-NEXAFS spectrum collected over the sulfur L-absorption edge 
of an individual solid ammonium sulfate particle. Peaks at 171.1, 172.3, and 173.2 eV are 
characteristic of sulfate (S(VI)) (Hopkins et al., 2008). 

Trace organic compounds will impact particle phase (Dong and Yu, 2003) and physical 

properties of the ammonium sulfate particles, including deliquescence, efflorescence, and 

crystallization (Baustian et al., 2010; Nie et al., 2017; Pearson and Beyer, 2015; Wang et al., 2017a; 

Van Wyngarden et al., 2015; Xu et al., 2002; Zawadowicz et al., 2015). The presence of organics 

in the ambient particles was confirmed by STXM-NEXAFS mapping over the carbon K-edge, 

which showed organic components coating the primarily inorganic particles (Fig. 7.4). sp2 carbon 

inclusions were also observed on the organic/inorganic interface (Fig. 7.4), indicative of material 
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not soluble in the organic phase and further demonstrating the complex multiphase nature of these 

particles. Organic volume fractions within the individual particles were determined based on the 

STXM-NEXAFS data, and by partitioning the particle area into < 50 % and > 50 % organic volume 

fraction regions, two distinct phases were defined, an organic coating (89 % organic, 11 % 

inorganic) and an inorganic core (3 % organic, 97 % inorganic) (Fig. 7.4). The thickness of the 

inorganic and organic component from the edge to center of each particle was determined based 

on the organic volume fraction, further demonstrating the presence of an organic dominant coating 

(100 – 150 nm thickness) and inorganic dominant core (Fig. 7.4).  

The observed relative humidity during ambient sampling (77 – 94 %) is within the range 

where ammonium sulfate is expected to deliquesce (Xu et al., 2002), but the ambient temperature 

was near 0 ̊ C for the duration of aerosol sampling (Fig. 7.7). The solubility of organic components 

decreases with temperature (Brooks et al., 2002), therefore the observed organic coatings may 

inhibit water uptake at the observed temperatures (–3˚ – 10 ˚C). The liquid water content of these 

particles was estimated using ISORROPIA to be on the order of 0.1µg m-3, which is ~5 – 50 times 

lower than observations in midlatitude and tropical coastal locations (Deetz et al., 2018; Fajardo 

et al., 2016; Kuang et al., 2018; Nguyen et al., 2016). Recent work by Slade et al. (2019) suggests 

temperature may be more important than relative humidity or aerosol liquid water content in 

predicting aerosol phase, with glassy aerosol more likely to exist at colder ambient temperatures, 

consistent with the observed sampling conditions during this study (Fig. 7.7). The organic 

component likely has a higher glass transition temperature than the inorganic component (Dette 

and Koop, 2015). The viscous particles observed in Slade et al also had greater organic fractions 

compared to sulfate and were observed under “cleaner” air mass conditions, which may be 

comparable to Arctic aerosol concentrations. Oligomerization of less hygroscopic species in the 

organic coatings would increase the glass transition temperature (Slade et al.). The observed 

organic coatings may play a role in the particle morphology by providing structure. A viscous 

organic shell may enable salt inclusions by inhibiting salt diffusion through the organic layer 

(Ciobanu et al., 2009), causing salt inclusions to remain in the organic phase after separation 

(Bertram et al., 2011; Ciobanu et al., 2009; Gorkowski et al., 2017), and allowing crystals to form 

at the particle edge. Similar irregular morphologies have been observed in the laboratory for mixed 

ammonium sulfate and low solubility organic particles (Veghte et al., 2014). 
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Figure 7.7 Ammonium sulfate phase diagram for the observed ambient temperatures (near 0 ˚C), 
with a representative backwards air mass trajectory for the September 07, 2015 sample, showing 
marine influence. At the observed ambient relative humidities (RH) at the sampling location and 
along the air mass trajectory, particles would be expected to be in a liquid or metastable liquid 
phase. At higher RH (> 95 %), an ice phase may be present. Particles are not expected to be solid 
above 81% RH without influence of the organic coating inhibiting water uptake.  

7.3.3 Proposed Sources and Formation Mechanisms 

The ammonium sulfate particles are expected to be secondary aerosol formed by the 

reaction of atmospheric ammonia with sulfuric acid. Large regional growth events were observed 

during this summer sampling period at Eureka and Alert in the Canadian Arctic (Tremblay et al., 

2019), suggesting a particle formation and growth mechanism for these particles, though local 

growth events were not common during this study. Particle growth events are common in the 

summer Alaskan Arctic from both marine and anthropogenic sources (Kolesar et al., 2017) and 

ammonium sulfate is a key component of new particles (Giamarelou et al., 2016). Previous work 

has shown ammonia emissions from sea birds contribute to Arctic new particle formation (Croft 

et al., 2016), which could be driven by neutralization reactions with ammonium sulfate (Tremblay 

et al., 2019). Cloud processing is also a possible formation pathway for ammonium sulfate via SO2 

aqueous oxidation and NH3 at low concentrations (Boone et al., 2015; Easter and Hobbs, 2002) 

and ammonium enhancement has been observed in cloud residuals (Schneider et al., 2017) with 

higher concentrations at lower temperatures. While the region was cloudy or mostly cloudy 

throughout the duration of study, according to MODIS satellite imagery, the cloud base height was 



 

 140 

typically quite high; only eight sample periods had a cloud base lower than 1.5 km, and five 

samples occurred when clouds were lower than 1.1 km, unlikely to have influenced the observed 

particles. The lack of cloud processing influence further supports these solid particles forming due 

to new particle formation and growth of secondary aerosol, rather than aqueous oxidation 

producing liquid droplets. The observed morphology and phase could be also due to 

transformations during transport to the sampling location. Previous studies have proposed 

mechanisms for humidity-induced phase transitions during updraft and adiabatic cooling 

(Berkemeier et al., 2014). The ambient relative humidity for air mass influences 0 – 120 hours 

backwards from the sampling site was determined using the HYSPLIT model (Fig. 7.8). Within 

120 hours, the particles never experienced RH values near or below the efflorescence point (34 % 

RH). In fact, the RH was nearly always greater than 60 % and all samples experienced periods of 

greater than 80 % RH, above the deliquescence point (Fig. 7.8).  This suggests phase transition 

due to RH cycling during transport was unlikely. The prevalence of regional scale growth events 

and the formation of solid ammonium sulfate particles during these processes, acquiring organic 

coatings, and persisting in the ambient atmosphere, should be explored further.  

The greatest abundance, by number fraction, of the sulfur-rich particle type was observed 

under marine air mass influence from the Arctic Ocean, which was the dominant air mass type 

during the study (Gunsch et al., 2017). Methanesulfonic acid was present in the submicron range 

but contributed only 5 – 15 % of total submicron sulfur species. Ammonium concentrations were 

not above the limit of detection for supermicron PM10 samples but were present in submicron PM1 

samples. Quinn et al. (2002) shows ammonium contributes < 1 % on average of supermicron 

aerosol mass. Chloride to sodium ratios were very close to the seawater ratio of 1.12 (Pilson, 2013), 

indicating that submicron sulfate was mixed with ammonium or other species rather than sea salt, 

consistent with Gunsch et al. (2017) for marine air masses. Sulfur isotope mass spectrometry 

showed that the non-sea salt sulfate fraction, after accounting for MSA, had a ∂34S value between 

8 – 12 ‰, suggesting a mix of sources, such as mineral dust or fossil fuel combustion, for the 

remaining sulfate fraction (Calhoun et al., 1991; Harris et al., 2012b, 2012c, 2012a, 2013; Norman 

et al., 1999). This suggests that while the observed ammonium sulfate particles are likely of marine 

origin, they are not a result of dimethylsulfide oxidation to methanesulfonic acid.  
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Figure 7.8 Ambient relative humidity, determined by HYSPLIT, from 0 – 120 hours backwards 
from the sampling site for each aerosol sampling period. 

7.4 Conclusions 

The observation of ammonium sulfate particles with complex composition and phase in 

the Arctic boundary layer has significant implications for regional atmospheric chemistry, cloud 

formation, and climate processes. The unexpected phase of these solid, organic-coated particles 

will affect climate-relevant particle properties, including water uptake, CCN efficiency and INP 

activity, gas partitioning, reactivity, and optical properties (Ruehl and Wilson, 2014; Schill and 

Tolbert, 2013). Sources, formation mechanisms, and particle history of solid and phase separated 

particles in the ambient atmosphere are not well understood or constrained in climate models. 

Recent incorporation of SOA viscosity into climate models has shown SOA is mostly liquid or 

semisolid in the boundary layer, and glassy particles mostly exist in the upper troposphere 

(Shiraiwa et al., 2017), while we demonstrate organic species contribute to solid particles found 

lower in the boundary layer under summertime Arctic conditions with low temperature and high 

relative humidity. While the observed particles may be formed through new particle formation and 

growth, the chemical mechanisms driving these processes in the summertime marine Arctic are 

not well characterized, despite playing an important role in atmospheric chemistry and climate 

feedbacks. Further understanding of the importance of temperature, relative humidity, liquid water 

content, and chemical composition on aerosol phase is necessary to constrain aerosol – cloud – 

climate feedbacks, particularly in the Arctic boundary layer.  
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 Conclusions and Future Directions 

8.1 Conclusions 

Aerosol impacts on climate are dependent on the chemical composition and properties of 

individual particles. In the high albedo Arctic environment, aerosol impacts on clouds can greatly 

influence the radiative budget; therefore, it is important to determine CCN and INP sources and 

composition. However, the physicochemical mixing state of atmospheric particles has not been 

well characterized, particularly in the Arctic, due to analytical challenges of measuring individual 

particle composition and logistical challenges of measurements in cold, dark, and remote 

environments. This dissertation focused on applying a multimodal microspectroscopic approach 

to characterization of Arctic aerosol mixing state under different conditions to better understand 

climate-relevant aerosol properties. These findings improved our understanding of Arctic aerosol 

processes and provide motivation for future studies.  

SSA, as the largest aerosol flux to the troposphere, is an important climate driver in remote 

regions, including the Arctic. In Chapter 2, the factors controlling SSA production under cold 

conditions were investigated using a laboratory seawater generation experiment, demonstrating 

complex interactions of seawater temperature, salinity, and biological activity on SSA production 

and composition. Previous studies have not converged regarding the magnitude or direction of 

temperature, salinity, and biological effects on SSA production. For cold seawater collected from 

the Gulf of Maine, we observed temperature to be more important than dissolved organic carbon 

content for driving SSA production, with increased SSA concentrations observed at colder 

temperatures. The influence of seawater biology was observed in individual SSA composition, 

with enrichment of saccharides and aliphatic organics in the SSA particles.   

In Chapter 3, aerosol composition and mixing state in the wintertime coastal Arctic was 

characterized, observing SSA to be the dominant particle type present and that all observed sulfate 

was internally mixed with SSA or organic aerosol, demonstrating influence of Arctic haze and 

Prudhoe Bay oil field emissions and interactions with natural aerosol. In Chapter 4, the source of 

the wintertime SSA was determined to be open sea ice leads present in January – February in the 

Alaskan Arctic, based on the chemical composition of these SSA particles and air mass influence. 
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Wintertime SSA from open leads were greatly enriched in organics compared to summertime SSA 

from the same location with open water nearby. These organic coatings were comprised of 

saccharides, fatty acids, and amino acids, consistent with EPS produced by sea ice algae and 

bacteria, suggesting a unique wintertime marine organic source in sea ice leads.  

In Chapter 5, the influence of sea ice microbiology on nascent SSA composition was 

investigated for locally-produced SSA from open leads in the summertime high Arctic, suggesting 

local aerosol sources may contribute to summer high Arctic cloud formation. Increased SSA 

concentrations were observed under high wind conditions and air mass influence from over open 

leads, compared to high wind conditions with air mass influence only over pack ice. SSA were 

enriched in organic compound classes consistent with EPS from sea ice algae and bacteria present 

in the open leads. While previous studies have observed the influence of EPS and marine gels on 

<100 nm particles, these observations demonstrate the influence of sea ice microbiology on 

accumulation mode and coarse mode SSA, with implications for CCN and INP activity in the high 

Arctic.  

Chapter 6 describes summertime aerosol mixing state in the Alaskan Arctic, demonstrating 

the influence of marine biogenic, anthropogenic, and terrestrial emissions. Greater organic 

enrichment of SSA was observed in the biologically productive Bering Strait, compared to the 

Chukchi Sea marginal ice zone. Organic aerosol, ammonium sulfate, and soot particles were 

observed in the Bering Strait, due to terrestrial and anthropogenic influences.  In Chapter 7, 

organic-coated ammonium sulfate particles, collected in the summertime coastal Alaskan Arctic, 

exhibited unique physical properties that were further examined using AFM and AFM-IR analyses. 

The viscous phase and organic coatings on the ammonium sulfate particles likely impact reactivity 

and water uptake. Particle phase affects climate relevant properties including CCN efficiency, INP 

activity, and optical properties. Further studies are needed to determine the formation mechanisms 

of these complex particles.  

Overall, the work presented in this dissertation provides a significant advancement in our 

understanding of aerosol composition in the changing Arctic. Two major themes are present 

throughout the research presented: 1) increasing marine emissions and anthropogenic development 

are impacting Arctic aerosol composition, and 2) temperature, salinity, and marine biology are 

driving sea spray aerosol production and composition in cold environments, specifically the Arctic. 

The changing sources influencing aerosol physicochemical mixing state and particle properties 
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were investigated for the wintertime (Chapter 3) and summertime (Chapters 6 and 7) Alaskan 

Arctic. The influence of both marine biogenic and anthropogenic aerosol sources were observed 

in both seasons, and notable findings included the observation of internally mixed organic+sulfate 

particles in the winter and summer, with some summertime organic coated ammonium sulfate 

particles demonstrating unexpected physical properties. The factors driving SSA production and 

composition in cold environments were investigated in Chapters 2, 4, and 5, for the wintertime 

North Atlantic, wintertime coastal Arctic, and summertime high Arctic, respectively. For 

laboratory SSA generation experiments conducted with Gulf of Maine seawater, temperature was 

determined to be as important as marine biology for impacting SSA production. However, the 

composition of individual SSA particles were influenced by marine organics, observed as organic 

coatings, for all three environments. The composition of these organic coatings was dominated by 

saccharides for both North Atlantic and Arctic SSA, and both wintertime and summertime SSA 

organics showed signatures of sea ice algae and bacteria EPS, demonstrating a unique source of 

marine organics transferred to the particle phase.  

 Understanding the processes driving aerosol chemistry and climate impacts is critical for 

predicting atmospheric chemistry and climate feedbacks in the New Arctic. The response of 

natural and anthropogenic trace gas and aerosol emissions to sea ice decline remains uncertain. 

Marine biogenic emissions are expected to increase in an ice-free Arctic and increasing 

development may have a great impact on the Arctic climate. Additionally, aerosol production from 

snow and ice surfaces remains unconstrained, leading to uncertainties in predicting the influence 

of these sources with declining sea ice. Uncertainties also remain regarding aerosol-cloud-climate 

feedbacks, as the sources and composition of Arctic CCN and INP are not well understood. This 

dissertation contributes further understanding of Arctic aerosol sources, composition, and mixing 

state in multiple seasons and regions. However, further studies are needed in order to characterize 

climate-relevant aerosol properties across the Arctic, incorporating seasonal and spatial variability. 

These aerosol processes must be constrained in climate models for better prediction of future 

Arctic conditions. 

 8.2 Selection of Substrates for Multimodal Microspectroscopic Analyses 

 With a multimodal analysis approach, inevitably each technique is best suited for analysis 

from a specific substrate. However, it is often the case with ambient aerosol data that the desired 

analysis techniques are not determined until after sample collection and initial analysis. Through 
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the work described in this dissertation, many different substrates were tested in order to maximize 

versatility of use with different aerosol impactors, compatibility with multiple analysis techniques, 

and best data quality. The key traits of each analysis technique discussed herein have been 

described elsewhere (Ault and Axson, 2017); therefore, this summary focuses on the substrates 

themselves and the data that can be collected from them. Table 8.1 lists the substrates used in this 

dissertation and recommendations for use with the considered analysis techniques, including 

compatible, usable with caveats, or usable but not recommended, and incompatible substrates. In 

Fig. 8.1, example SEM images of SSA particles are shown collected on silicon, aluminum foil, 

and TEM grid substrates. 

 

Table 8.1 Substrates for microspectroscopic analysis of individual particles. 

 

Copper TEM grids, with very thin carbonate polymer Formvar films, provide the best 

contrast for SEM-EDX, TEM-EDX, and CCSEM analysis of all particle types, including organic 

particles, with minimal background interference (Fig. 8.1c). However, there is carbon and oxygen 

background signal from the films in the EDX spectra, making chemical characterization of organic 

particles challenging and non-quantitative. TEM grids are the only substrate that can be used for 

TEM-EDX and STXM-NEXAFS analyses. Due to interference from the Formvar film, and 

Substrate Compatible with Best for 

SEM-EDX CCSEM TEM-EDX 
STXM-NEXAFS 

Raman AFM AFM-IR  

TEM grid       CCSEM, TEM-
EDX (best 
contrast) 

Silicon 
wafer 

      SEM-EDX for 
carbon, AFM-IR 

Quartz chip       Raman 

Aluminum 
foil 

      Versatility, cost 
conscious 

Metal tapes       Versatility, use 
with DRUM 

impactor 

        

 Compatible With caveats Not recommended incompatible    



 

 147 

difficulties for mounting and focusing, TEM grids cannot be used for Raman analysis. Handled 

with care, AFM imaging can be conducted off a TEM grid mounted on a metal puck, but the 

Formvar film overwhelms AFM-IR signal. AFM-IR spectra can be collected from the copper grid 

bars, but this irregular surface does not provide good AFM imaging. TEM grids are extremely 

delicate, and the more they are handled the greater the risk of bending, tearing, or otherwise 

damaging the grid. Due to how fragile these substrates are, use with the DRUM impactor is not 

recommended due to damage that can occur during drum rotation. An advantage of these thin 

copper Formvar grids is reference grid numbers to identify locations on the substrate, but thicker 

copper or nickel Formvar grids could be considered in the future for a more robust substrate. Lacey 

TEM grids, rather than a whole film, could also be considered to reduce EDX signal from the 

substrate film. However, impaction onto lacey grids will alter the morphology of liquid particles. 

 
Figure 8.1 Representative SEM images of SSA particles collected on a) silicon (MOCCHA 2018), 
b) aluminum foil (Utqiaġvik, summer 2015), and c) TEM grid (Oliktok, summer 2016). 

For quantification of carbon in particles and characterization of organic particles, silicon 

substrates can be used for SEM-EDX and CCSEM. Silicon does not provide as good of contrast 

for CCSEM analysis as TEM grids. The silicon substrate is “gray”, so when selecting 

brightness/contrast thresholds for CCSEM, only particles brighter than the substrate (e.g. SSA, 

dust) or darker (e.g. organic particles) can be detected at one time. This likely means that organic 

particles will be undercounted or not detected when setting thresholds for an ambient sample. 

However, organic coatings around salt particles can be more visible on silicon that TEM grids 

(Fig. 8.1b). Silicon is also an ideal flat surface for AFM imaging and provides no interference for 

AFM-IR analysis. Silicon is a very versatile substrate, providing a compatible surface for ToF-

SIMS and nano-SIMS analysis as well, for example. Silicon has peaks in relevant regions for 

Raman analysis, however, including a flat peak at ~900 – 1000 cm-1 in the sulfate stretching region, 

so Raman analysis from silicon substrates is not recommended. 
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While quartz is not a very versatile substrate, it is best suited for Raman analysis. Quartz 

is “transparent” to Raman and therefore does not give any background signal in the regions of 

interest. Collection of fluorescence spectra and fluorescence mapping can also be conducted with 

the Raman microscope, however, this also requires quartz, as a non-fluorescing substrate. A 

sample on quartz could be spin coated with gold to provide a conductive surface for SEM analysis; 

however, this would permanently alter the sample and interfere with EDX analysis, so is not 

recommended. Quartz is not a sufficiently flat surface for AFM analysis. 

Aluminum foil is a cheap, versatile substrate that can be used for SEM-EDX analysis (Fig. 

8.1a). However, aluminum foil has the same contrast issues as silicon, has many surface features, 

and is difficult to keep flat, making CCSEM analysis challenging. Surface features are often 

detected as particles, meaning a large amount of background or “junk” data must be thrown out. 

Raman analysis can be conducted from aluminum foil, if the substrate is mounted sufficiently to 

remain stable. However, fluorescence can be much worse from aluminum foil substrates, making 

Raman analysis very challenging, if not impossible, for some samples. Due to the rough surface 

and flimsy nature of foil, it cannot be used for AFM imaging. Metal tapes, including aluminum 

tape and copper tape, have similar traits to aluminum foil, but are well-suited for use with the 

DRUM impactor. These tapes are cheap, easy to mount, and microscopy-grade tapes provide a 

much smoother, feature-free surface for imaging than aluminum foil. However, these tapes can be 

degraded by acidic particles.  

Regardless of the substrate chosen, different particle types are better detected by manual or 

CCSEM analyses, so care must be taken when setting up CCSEM to reduce these biases. For 

example, CCSEM cannot determine physicochemical mixing state or complex morphologies, 

while this information is extremely valuable during manual analysis to characterize particle types 

and sources (e.g. aged soot or biological particles), particularly for less common particle classes 

(Eriksen Hammer et al., 2019). However, the greater statistics collected by CCSEM provide a 

more representative characterization of the prevalent particle types in the sample (Willis et al., 

2002). For CCSEM, brightness/contrast thresholds must be carefully chosen to ensure accurate 

detection of particle size and morphology, including not grouping multiple particles together or 

omitting particle protrusions or halos (Eriksen Hammer et al., 2019).  

When selecting substrates, compromises may be made based on the impactor used. The MPS 

can only collect particles on one substrate per stage, therefore, versatile substrates including silicon 
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or aluminum foil may be chosen. The MOUDI, miniMOUDI, and DRUM impactors can collect 

on multiple substrate per stage, allowing for more versatility. The rotating MOUDI ensures even 

particle distribution across all substrates without overloading the sample; however, a non-rotating 

MOUDI or miniMOUDI will still distribute particles evenly on different substrates based on the 

multiple orifice, uniform deposition design. The DRUM impactor also has rotating stages, but this 

rotation is temporal, rather than spatial, so multiple substrates must be aligned along the length of 

the slit to simultaneously collect particles. The DRUM impactor provides automated collection of 

temporally resolved particle samples, while the other impactors provide samples collected over 

discrete time periods. 

Sample storage and analysis conditions can also inherently change the particle composition 

and morphology. SEM and TEM analyses are conducted under vacuum, so the particles are imaged 

“dry” and some volatile components may be lost (Laskina et al., 2015). AFM and Raman analyses 

are conducted at ambient temperature and pressure, so particles may be imaged at closer to their 

atmospheric state, but particle phase and morphology is dependent on the ambient RH during 

analysis (Laskina et al., 2015). Samples stored frozen will reduce risk of compositional change, 

degradation, or loss of volatile components prior to analysis. However, freezing and thawing 

samples has been shown to change particle phase and morphology, and lead to water condensation 

(Laskina et al., 2015). Therefore, the preferred method is to store samples sealed, in the dark, and 

at a relative humidity and temperature similar to that in which they were collected (Laskina et al., 

2015). Since impactors are typically located indoors during sampling, the recommendation is to 

store samples at room temperature, even if collecting in the wintertime. Samples have been shown 

to remain stable for several months stored in this manner, though particles will degrade with time, 

so prompt analysis is recommended whenever possible. 

8.3 Future Directions 

8.3.1 High Arctic Aerosol Mixing State and Climate Impacts across Seasons 

 Large knowledge gaps remain in our understanding of high Arctic aerosol sources, 

composition, and climate properties, particularly across seasons. There have been very few 

measurements of particle composition in the fall – spring high Arctic due to logistical challenges. 

However, understanding the seasonality of single particle composition, mixing state, and aerosol 

– cloud – climate interactions in the high Arctic is critical for understanding climate processes in 
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the rapidly changing region. During 2019 – 2020, particle samples will be collected aboard the 

icebreaker Polarstern as part of the yearlong Multidisciplinary drifting Observatory for the Study 

of Arctic Climate (MOSAiC) research expedition in the high Arctic. These samples will provide 

valuable information about high Arctic aerosol, including the seasonality of lead-based SSA 

production and marine biology influences on aerosol chemistry in the high Arctic.  

 Further analysis of samples collected during the 2018 MOCCHA campaign will build upon 

the findings shown in Chapter 5 and advance knowledge of marine biogenic influences on 

summertime high Arctic aerosol. Several MART experiments were conducted to investigate the 

impacts of seawater temperature, biology, and salinity on high Arctic SSA production. In addition 

to single particle analysis for particle composition and mixing state, samples were collected for 

INP analysis in order to understand the climate-relevant properties of high Arctic nascent SSA. 

Comparison of these experiments to ambient aerosol observations will improve understanding of 

the role of local SSA production in driving Arctic aerosol – cloud – climate processes, as well as 

the contribution of sea ice microbiology to SSA composition. Ambient particle samples were also 

collected behind a counterflow virtual flow inlet to sample cloud droplet and fog residues. 

Characterizing the composition of particles found in cloud and fog will improve understanding of 

CCN sources in the high Arctic.  

Analysis of additional ambient particle samples from MOCCHA will also determine the 

sources and composition of high Arctic aerosol under different meteorological conditions (high 

winds, stagnant conditions, clear skies, cloudy, foggy, during freeze up) throughout the campaign. 

In particular, the processes driving new particle formation (NPF) and growth events in the high 

Arctic are not well understood, but observations from MOCCHA suggest sea ice freeze up to be 

associated with NPF. During a large NPF and growth event, ammonium sulfate particles with 

similar morphology to those described in Chapter 7 were observed. Detailed analysis of the 

composition, morphology, and phase of these particles may advance understanding of the 

processes driving these NPF and growth events and connections to freeze up events. As the 

particles observed in Chapter 7 exhibited unique phase and morphology considering the ambient 

conditions at collection, laboratory studies of the phase of organic coated ammonium sulfate 

particles as a function of relative humidity and temperature may also improve understanding of 

the processes driving the formation of these particles and the ambient conditions under which 

particles with these unique properties may occur.  
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The potential role of sea ice melt ponds, pools of melted water on top of sea ice, in ocean 

– atmosphere interactions is not understood. In a rapidly warming Arctic, the frequency of melt 

ponds may increase. As a potential wind-driven aerosol source, these melt ponds are a unique 

environment, with low salinity but potentially distinct biological activity (Zhang et al., 2019). 

Ambient aerosol samples and aerosol generation experiments were conducted with melt pond 

water from the Alaskan Arctic during a research expedition aboard the icebreaker Araon in 2017, 

and a MART experiment was conducted with high Arctic melt pond water during the 2018 

MOCCHA campaign. Analysis of particle samples collected from these experiments, in 

comparison to the ambient particles, may provide unique insights into the influence of melt pond 

biology on particle composition and climate relevant properties of aerosol produced from a 

potential melt pond source.  Additionally, field measurements are needed to determine the potential 

aerosol flux from melt ponds, by monitoring bubble production and eddy covariance fluxes as has 

been done for open leads (Held et al., 2011; Nilsson et al., 2001; Norris et al., 2011).  

8.3.2 Alaskan Arctic Aerosol Mixing State Across Seasons 

 Many previous studies have focused on aerosol composition in the spring Arctic during 

Arctic haze season. However, few single particle studies have been conducted in the past 20 years 

to determine aerosol mixing state during this season. In this time, conditions have drastically 

changed, with rapidly declining sea ice and changing midlatitude pollution sources, in addition to 

increased Arctic development. Bulk aerosol studies have shown concentrations of non-seasalt 

sulfate have decreased 30 – 70% during this time, and an increase in light scattering aerosol has 

been observed (Quinn et al., 2007). Particles were collected during March – May, 2016 at 

Utqiaġvik, Alaska for offline analysis of single particle composition and mixing state. Analysis of 

these samples will provide characterization of current springtime Arctic aerosol chemical 

composition, mixing state, sources, and processes. 

 To investigate the influence of increasing Arctic development on aerosol composition, 

samples were also collected at Oliktok Point, within the Prudhoe Bay oilfields, in August – 

September 2016 and March – May 2017. Influence of marine, terrestrial, and anthropogenic 

aerosol sources were observed in spring 2017, with marine and terrestrial particles contributing to 

INP, despite the highly polluted environment (Creamean et al., 2018a). Further single particle 

analysis of the spring and summer samples for aerosol composition and mixing state in this 
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polluted environment would determine the relative importance of anthropogenic, marine, and 

terrestrial sources for aerosol composition and climate-relevant properties.   

Particle samples were also collected during the Aerosols in the Polar Utqiaġvik Night 

(APUN) study during November – December, 2018 at Utqiaġvik, Alaska. Few studies have 

characterized aerosol composition in the fall-winter, despite the potential importance of aerosol-

cloud interactions on longwave radiation during this period, with no direct sunlight. As this period 

covers the fall freeze-up, it is important to understand the relative contribution of SSA, in addition 

to local-regional anthropogenic aerosol sources. By characterizing individual particle composition 

and mixing state during spring and fall, we will have a near-full picture of the seasonal trends in 

aerosol sources and composition on the Alaskan North Slope. Understanding these seasonal trends 

will allow for better predictions of aerosol – climate impacts in the changing Arctic environment.  

Upon aging, soot becomes internally mixed with organics and sulfate (Raatikainen et al., 

2015; Weinbruch et al., 2012, 2018; Xie et al., 2007), and the characteristic chainlike soot 

agglomerates often collapse within an organic/sulfate shell (Demirdjian et al., 2007; Jiang et al., 

2011; Köllensperger et al., 1999; Lehmpuhl et al., 1999; Unga et al., 2018). This aged soot 

becomes difficult to distinguish from organic aerosol particles using CCSEM-EDX (Eriksen 

Hammer et al., 2019). However, identifying the presence of fresh and aged soot is important for 

determining particle light scattering or absorption (Fierce et al., 2016). Furthermore, determining 

how the morphology and mixing state of soot changes based on location, distance from sources, 

and season, will help inform climate impacts (Liu et al., 2017, 2015). Soot particles, either fresh 

or aged, were observed in many of the studies described herein, including sampling on the North 

Slope of Alaska for the following studies: Utqiaġvik 2014 (winter), Utqiaġvik 2015 (summer), 

Utqiaġvik 2016 (spring), Utqiaġvik 2018 (fall), Oliktok 2016 (summer), and Oliktok 2017 

(spring). Figure 8.1 shows example SEM and TEM images of fresh soot particles observed during 

summer at Utqiaġvik. Based on preliminary analysis, fresh soot was observed at Utqiaġvik in 

spring and summer but not in winter, and at Oliktok during summer but not in spring, 

demonstrating a seasonal and location-dependent mixing state. Increased concentrations of soot at 

Utqiaġvik have been correlated with air mass influence from Prudhoe Bay (Gunsch et al., 2017). 

SEM-EDX analysis on silicon substrates would allow for carbon quantification; a S/C ratio could 

be used as a measure of soot aging by sulfate. Tilted SEM imaging from TEM grids can also show 

the three-dimensional particle morphology (Wang et al., 2016), as soot particles do not always 
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impact flat onto substrates (Fig. 8.2). STXM-NEXAFS analysis over the carbon k-edge would 

distinguish elemental carbon (soot) from organic carbon and inorganic species (sulfate), providing 

intraparticle composition and mixing state, as shown in Chapter 3 (Kirpes et al., 2018). Soot 

particles were also observed during sampling aboard the icebreaker Araon in 2016, 2017, and 

2018; however, these samples were not collected under automated pollution control, so much of 

the fresh soot is likely from local ship influence. These samples could be used as a comparison for 

very fresh soot emissions, if necessary. A comparison could also be made between these Arctic 

studies and soot observed in midlatitude winter studies, including Ann Arbor 2016, Kalamazoo 

2018, and Maine 2019.  

 
Figure 8.2  TEM images (a and b) and SEM images collected with a 75˚ tilted substrate (c and d) 
showing representative morphologies of fresh soot particles observed at Utqiaġvik in summer 
2015. 

8.3.3 Southern Ocean Aerosol Mixing State 

In the Southern Ocean, SSA may play a similarly important role in aerosol – cloud – 

climate feedbacks as in the Arctic Ocean, with few other aerosol sources present (Tomasi et al., 

2007). The Arctic and Antarctic are both high albedo environments with influence of local marine 

emissions and long-range transported aerosol; however, the Antarctic is more isolated from other 

terrestrial and anthropogenic sources, and can experience extremely low temperatures and high 

wind events across the continent (Bromwich and Wang, 2008). Alternative mechanisms of SSA 

production, including blowing snow and frost flowers, have been proposed as important sources 

of SSA in this region (Giordano et al., 2018; Hara et al., 2004, 2014). In 2018, samples were 
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collected aboard the icebreaker Araon during a Southern Ocean research cruise for offline single 

particle analysis. There have been few single particle measurements of aerosol composition and 

mixing state in the Southern Ocean (Eom et al., 2016; Hara et al., 2013, 2014; Ueda et al., 2018). 

In particular, the influence of marine organics on SSA composition in the Southern Ocean remains 

unknown (Eom et al., 2016). 

8.3.4 Multiphase Reactions with Organic-Coated Chloride-Containing Aerosol  

As single particle composition and mixing state are important for determining climate-

relevant properties, including reactivity, organic coatings are known to inhibit uptake of trace gases 

(Ryder et al., 2015). Reactions between chloride-containing aerosol particles and N2O5 have been 

of great interest in the Arctic and in the midlatitudes recently, and these particles (SSA or road 

salt-derived particles) are likely to exhibit organic coatings, as described in Chapters 2,4,5, and 6. 

However, the impact of organic coating thickness on reactive uptake is not known (Ryder et al., 

2015). This dissertation has demonstrated that SSA organic coatings can vary in thickness based 

on the SML composition and influence of sea ice biology (Chapter 4). A laboratory study to 

determine how specific coating thicknesses inhibit N2O5 uptake would improve parameterization 

of these atmospheric reactions and provide better understanding of these mechanisms in both the 

Arctic and midlatitude environments. 

8.3.5 Method Development 

 Despite the advances in characterization of aerosol mixing state described in this 

dissertation, challenges still remain, in particular to characterize the composition and mixing state 

of submicron organic aerosol particles. In the Arctic, this additional knowledge will be crucial for 

understanding the influence of natural and anthropogenic organic aerosol sources, as well as 

contributions from primary or secondary marine organics. With SEM-EDX and TEM-EDX 

analyses, the elemental information provided is often not sufficient to determine organic particle 

composition and sources. STXM-NEXAFS can often provide complementary information 

regarding chemical bonding and oxidation states, but access to this technique is limited (Ault and 

Axson, 2017). While Raman microspectroscopy can provide detailed molecular information, 

submicron particles are below the diffraction limit and cannot be analyzed, and often, Raman 

spectra for ambient particles are so complex they are difficult to interpret (Ault and Axson, 2017; 

Craig et al., 2015). AFM-IR promises to provide detailed chemical characterization of submicron 
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particles, but additional instrumental and method development is required to improve data quality 

and speed of analysis (Ault and Axson, 2017; Bondy et al., 2017a). Continuing method 

improvement is also needed to enable analysis of smaller and thinner particles (Bondy et al., 2017a; 

Or et al., 2018). Recent developments in AFM-IR and AFM-Raman technologies look promising 

for continued advancement in this area. 

 Due to the complexity of ambient particle Raman data, spectral analysis could be improved 

by employing chemometric methods, including principal component analysis (PCA) or partial 

least squares (PLS) regression. While c2 analysis is a bivariate approach that assesses goodness of 

fit, PCA and PLS are multivariate methods that can better represent relationships between possibly 

correlated variables. Application of these statistical methods to single particle data can be 

challenging due to particle to particle variability in signal intensity, background influence, etc. 

However, development of these methods for application towards single particle data may be useful 

to discern the complexity of information provided by Raman analysis.  

 Comprehensive analysis of single particle composition and aerosol mixing state may also 

be achieved by coupling microscopic techniques, providing morphological and spatial 

information, with mass spectrometry methods for detailed chemical analysis. This can be achieved 

by employing both online mass spectrometry and offline microspectroscopy methods for the same 

study (Axson et al., 2016a; Gunsch et al., 2017; May et al., 2018b), or by utilizing spatially-

resolved mass spectrometric imaging methods. ToF-SIMS has recently been applied to 

characterization of aerosol particles (Cheng et al., 2014; Chi et al., 2015; Dappe et al., 2018; Huang 

et al., 2017; Li et al., 2018; Sobanska et al., 2014, 2015; Takami et al., 2013; Tyler et al., 2012; 

Zhang et al., 2016), and nano-SIMS may be powerful methods for characterization of organics and 

sulfur species within submicron aerosol particles (Harris et al., 2012a, 2012c, 2013), to determine 

the composition and sources of primary and secondary organic aerosol. 
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