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 Atmospheric aerosols remain the largest uncertainty in assessments of the anthropogenic 

influence on Earth’s radiative budget. Aerosols affect Earth’s radiative budget directly, by 

reflecting and absorbing incoming solar radiation, and indirectly, by serving as nuclei for water 

and ice cloud formation. Current estimates of anthropogenic impacts on the direct and indirect 

aerosol effects are hindered by an inadequate understanding of how naturally produced aerosols 

contribute to both processes. Sea spray aerosol (SSA), formed by oceanic wave breaking, 

represents the largest source of natural aerosol to the atmosphere by mass. The climate-relevant 

properties of SSA, such as hygroscopicity, reflectivity, and ice nucleation ability, are highly 

dependent on the amount and composition of the organic material transferred from the seawater 
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into these aerosols. The composition of this organic material is strongly influenced by microbial 

activity in the seawater, highlighting the importance of employing new techniques to examine the 

impact of oceanic biological activity on the organic material transferred into SSA. Carbon isotopic 

analysis has been frequently employed to differentiate between anthropogenic and natural sources 

of aerosol carbon, but has not previously been applied to study ocean-aerosol transfer of organic 

material. In my dissertation work, I measured carbon isotopic compositions (d13C) of seawater and 

SSA organic material during two laboratory phytoplankton blooms, identifying an increased 

contribution of “freshly-produced” carbon to SSA, strongly controlled by the microbial loop. I 

further demonstrate that not accounting for this biological influence on the d13C value of nascent 

SSA can lead to significant underestimates in the contribution of anthropogenic aerosol carbon to 

the marine environment (Chapter 2). Building from this work, I investigated differences between 

submicron and supermicron SSA during a wave channel mesocosm experiment. The stark 

differences between these two SSA fractions, with supermicron SSA heavily influenced by 

biological activity and submicron SSA primarily influenced by surface-active anthropogenic 

compounds originating from the coastal seawater, reveals the importance of biology and ocean-

aerosol transfer processes on SSA organic composition and d13C (Chapter 3). Finally, I explored 

biologically induced changes in seawater submicron particulates (SMPs) in the bulk seawater and 

SSML to better understand how seawater biology may influence the transfer of ice nucleating 

entities into SSA (Chapter 4). 
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Chapter 1: An Introduction to Aerosols and Carbon Isotopes 

1.1 Importance of Atmospheric Aerosols 

 Aerosols are solid or liquid particles suspended in a volume of gas (e.g. the atmosphere).1,2 

Atmospheric aerosols are derived from a number of anthropogenic (human-caused) and natural 

processes such as fossil fuel combustion, biomass burning, agricultural practices, vapor 

condensation, oceanic and lacustrine wave breaking, wind-blown dust, and volcanic emissions.3–9 

A lot of attention has been paid to atmospheric aerosol concentrations due to their potential 

harmfulness to human health,10,11 leading to proposals for reducing anthropogenic aerosol 

emissions.12,13 However, when contemplating a reduction in aerosol emissions, we must also 

consider the important impact that aerosols have on weather and climate. Aerosols influence 

Earth’s radiative budget both directly, by reflecting or absorbing incoming radiation, and 

indirectly, by seeding water and ice cloud formation.14 Both of these processes are believed to have 

a net cooling effect on the planet, meaning that reducing aerosol emissions may actually accelerate 

the warming of our planet.15,16 To better understand these processes, an abundance of research has 

been devoted toward studying how aerosols interact with incoming sunlight and clouds,17,18 but 

the latter of these still remains the largest uncertainty in estimates of the anthropogenic influence 

on Earth’s radiative budget (error bars in Figure 1.1).19 

 Because aerosols serve as cloud condensation nuclei (CCN), cloud formation and lifetime 

depend on aerosol number concentration, size, and chemical composition.20 Chemical composition 

plays an important role in controlling the CCN activity of an aerosol by affecting its 

hygroscopicity, or affinity for water uptake.21 Typically, inorganic aerosols (e.g. sodium chloride 

or ammonium sulfate) are more hygroscopic and have higher CCN activity, while organic aerosols 

have lower hygroscopicity and CCN activity.22 Therefore, a lot of research has been focused on 
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aerosols that contain both inorganic and organic chemical species to determine how their internal 

mixtures influence CCN activity and climate.23–25 

 

 

Figure 1.1 The radiative forcing (filled bars) and effective radiative forcing (hatched bars) of 
climate from 1750 to 2011 for different forcing agents. Collectively, the direct and indirect aerosol 
effects account for the majority of uncertainty in climate radiative forcing, and the aerosol indirect 
has the largest uncertainty of any forcing agent. Image reprinted from Myhre et al.19 
 

1.2 Sea Spray Aerosol 

1.2.1 Sea Spray Aerosol Formation and Composition 

 Ironically, the largest source of uncertainty in estimating the influence of anthropogenic 

aerosols on climate actually arises from an inadequate understanding of the impact that naturally 

produced aerosols have on climate.26,27 Over 70% of Earth’s surface is covered by oceans, so it 

comes as no surprise that sea spray aerosol (SSA), formed by oceanic wave breaking, represents 

the largest source of natural aerosol to the atmosphere by mass.28,29 SSA is a chemically complex 

mixture of inorganic ions, organic molecules, and biological structures/organisms produced from 
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the ocean surface by bursting of air bubbles entrained in the seawater by breaking waves.7,29,30 

There are two types of SSA formed by bubble bursting, nominally film drop and jet drop SSA. 

Film drop SSA are produced by bursting of the bubble film cap at the ocean surface, while jet drop 

SSA are produced from an unstable seawater jet that forms at the bubble’s base during collapse of 

the bubble cavity.31 The two different formation mechanisms contribute to the chemical diversity 

of SSA. Film drop SSA tend to be influenced by the sea surface microlayer (SSML)—the topmost 

1-1000 µm of the ocean surface with elevated concentrations of organic molecules and biological 

components.32,33 Jet drop SSA are formed from the base of the bubble, and thus often reflect the 

chemical composition of the underlying seawater.31 Because of the intricate chemistry and biology 

in the surface ocean, elucidating the seawater biological and physicochemical processes that drive 

variability in SSA’s chemical composition has been a topic of intense research focus. 

 

1.2.2 Ambient Measurements of SSA 

 In the last twenty years, a plethora of marine field studies have been devoted to 

understanding how SSA organic content and composition impact its hygroscopicity and CCN 

activity.34–42 Much of this research has focused on elucidating how seawater biological activity 

influences these climate-relevant SSA properties.34–38 A number of studies have shown that 

elevated seawater biological activity correlates with higher SSA organic content,34,35,38,40 and 

increased SSA organic content has been further related to changes in SSA hygroscopicity and CCN 

activity.36,43–45 Unfortunately, despite the abundance of field research indicating a biological 

influence on SSA composition, a direct connection between seawater biology and compositional 

changes that influence its climate-relevant properties has remained elusive.45–47 This is partly 

because interpretation of aerosol measurements in the ambient marine environment is complicated 
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by contributions from secondary marine aerosol (SMA) and terrestrial aerosols transported from 

the land, in addition to SSA.44,48 This has prompted researchers to develop innovative laboratory 

techniques to study SSA in an isolated environment, providing additional insight to help interpret 

our observations in the marine atmosphere. 

 

1.2.3 Laboratory Generation of Authentic SSA 

 To properly study SSA in a laboratory setting one must accurately replicate the process of 

SSA formation while also maintaining the biological and chemical complexity present in the actual 

ocean. Historically, atomizers and sintered glass filters were commonly used methods for 

laboratory production of SSA, but more recent studies have scrutinized their applicability because 

these methods do not produce SSA size distributions analogous to those in the ambient marine 

environment.49 In recent years, significant advances in replication of SSA formation and chemistry 

have been made by the Center for Aerosol Impacts on Chemistry of the Environment (CAICE), an 

NSF Center for Chemical Innovation. For brevity, I will describe here the two techniques used for 

the majority of my research presented in this dissertation, an ocean-atmosphere wave channel and 

a Marine Aerosol Reference Tank (MART). 

 The ocean-atmosphere wave channel, located at the Scripps Institution of Oceanography 

Hydraulics Lab, is the most robust method we have for laboratory studies of SSA. The 30-meter-

long channel is filled with 11,800 L of natural seawater from the coastal Pacific Ocean, and a 

paddle is used to create waves that break over a simulated beach forming the SSA.50,51 This 

technique has the advantage of using real breaking waves to form the SSA, and the channel is also 

large enough to attach a suite of different instruments enabling collaborative studies. The MART 

is a much smaller system (210  L) that uses a plunging waterfall to simulate SSA formation by 
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breaking waves.52 One drawback of this system is that the centrifugal pump used to generate the 

waterfall can damage the biology in the seawater, so aerosol production can only be started after 

the biological growth has peaked.53 However, the MART enables directed studies of SSA on a 

much simpler to operate system and is ideal for smaller studies employing only a few different 

measurements.  

 The key aspect that elevates these systems above previously employed aerosol production 

techniques is their ability to reproduce the same bubble size distribution as actual breaking waves, 

which generates SSA size distributions analogous to those measured in the marine 

environment.51,52 This is essential to accurately study SSA because the chemical composition of 

SSA is size-dependent. The development of these new aerosol generation techniques has enabled 

more directed and detailed studies of the biological influence on SSA’s composition and climate-

relevant properties. 

 

1.2.4 Laboratory Advances in Understanding the Biological Influence on SSA 

 In order to make our laboratory SSA studies comparable to those in the ambient marine 

environment, it is essential to mimic the seawater biology and chemistry that gives SSA its 

chemical complexity. In the ocean, cycling of organic matter is primarily controlled by the 

microbial loop: phytoplankton convert CO2 into organic material (primary productivity), and this 

freshly produced organic material is then incorporated into bacterial biomass. Bacterial utilization 

also results in much of the organic material being respired back into CO2, creating a loop that 

continually forms and degrades organic material.54,55 Thus, our studies must recreate this microbial 

loop of phytoplankton and bacteria that control the production, transformation, and respiration of 

organic matter in the ocean. This is achieved by adding algae growth nutrients to the natural 
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seawater used in our experiments, inducing a phytoplankton bloom cycle that leads to 

establishment of the microbial loop.53 

 Using this methodology, CAICE has been able provide more detailed insight into many of 

the observations made in the ambient environment. Of particular relevance to this dissertation 

work, the ability to replicate SSA formation and chemistry in a controlled, laboratory setting has 

led to many advances in our understanding of how the oceanic microbial loop influences the 

organic composition of SSA. Experiments in the ocean-atmosphere wave channel and MART have 

demonstrated that seawater bacterial activity, in addition to primary productivity, plays a crucial 

role in determining the organic composition of SSA.53,56,57 Moreover, these biologically induced 

compositional changes have been linked to decreases in SSA’s hygroscopicity, affecting its ability 

to grow into a cloud droplet.58,59 

 Laboratory studies of SSA have also helped elucidate their contribution to ice nucleation, 

a process that very few aerosols are able to facilitate.60 Because phytoplankton and their 

exudates/detritus are known to be ice nucleators,61,62 it was expected that seawater biological 

activity might impact the ice nucleating ability of SSA. CAICE research has established a clear 

link between seawater biological activity and the increased ice nucleating efficiency of SSA, 

implicating phytoplankton, bacteria, and viruses, as probable biological INEs in SSA.60,63–65 

Furthermore, this research revealed that size-dependent differences in SSA composition result in 

a higher ice nucleating efficiency for supermicron SSA, a finding that is unaccounted for in most 

modeling representations of marine INPs.64 

 CAICE has made substantial progress in establishing that marine biology influences SSA’s 

the climate-relevant properties, but a great deal of work still remains to elucidate how biological 

activity changes the seawater organic composition, and the extent to which these changes are 
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reflected in the resultant SSA. Therefore, further advancement in our understanding of how 

seawater biology influences SSA organic composition would benefit from the ability to track the 

production and transformation of organic material in the seawater as well as its transfer into SSA. 

To achieve this goal, I have chosen to employ carbon isotopic measurements as a tracer to identify 

the seawater biological and physicochemical processes that impact the organic composition of 

SSA. 

 

1.3 Carbon Isotopes and Their Application to Earth System Processes 

1.3.1 Introduction to Carbon Isotopes 

 Atoms are primarily composed of three subatomic particles, protons, neutrons, and 

electrons. Protons and neutrons are contained in the nucleus while electrons orbit around the 

outside of the nucleus. Isotopes are atoms that have the same number of protons and electrons but 

differ in their number of neutrons. The differing number of neutrons means isotopes have different 

masses, but because the chemical properties of an atom are determined by the number of electrons, 

isotopes have nearly identical chemical properties (i.e. they are the same element). For example, 

carbon is the sixth element on the periodic table, so all carbon atoms contain six protons and six 

electrons. Until the early 20th century it was believed that carbon-12 (12C), containing six protons 

and six neutrons, was the only isotope of carbon, but in 1930 spectrographic measurements on 

extraterrestrial molecules pointed to the presence of a second isotope containing six protons and 

seven neutrons, carbon-13 (13C).66,67 As it turns out, about 98.9% of all carbon atoms are 12C, while 

around 1.1% are 13C.68 However, the actual abundance of 12C and 13C varies slightly between 

different carbon-containing compounds based on their sources and chemical transformations.68–70 

This work will focus on tracking the biological and chemical processing of organic compounds 
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based on differences in the abundance of these two stable isotopes using a technique called stable 

isotope geochemistry. 

 

1.3.2 Stable Isotope Geochemistry 

1.3.2.1 History and Important Developments 

 There is general agreement that the field of stable isotope geochemistry began with three 

landmark studies published in 1947. During this year, both Urey71 and Bigeleisen and Mayer72 

used the small difference in free energy between isotopically-substituted molecules to derive 

thermodynamic calculations for the temperature-dependent equilibrium constants in isotope 

exchange reactions. At the same time, Nier73 developed the first isotope mass spectrometer, 

capable of measuring the small variations in isotopic abundances that occur during physical and 

chemical processes. By combining these remarkable achievements, scientists were now able to 

attribute measured changes in the 13C/12C ratio to specific physical and chemical processes, and 

the field of stable isotope geochemistry was born. 

 

1.3.2.2 Isotopic Delta Notation 

 With the new ability to measure isotopic ratios of carbon-containing species came the need 

to accurately standardize these measurements among different laboratories using different isotope 

mass spectrometers. In 1950, McKinney et al.74 introduced isotopic delta notation (d13C), a method 

for standardizing mass spectrometry measurements of isotopic abundances in samples by 

comparing them to measurements of a reference standard with known isotopic abundances 

(Equation 1.1). Most published d13C values use Pee Dee Belemnite (PDB), a Cretaceous marine 
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carbonate fossil obtained from the Pee Dee Formation in South Carolina, as the reference standard 

for carbon isotopes.75 

δ13C =!
" Ca13

Ca12 #
sample

" Ca13

Ca12 #
standard

− 1% ×1000            (Equation 1.1) 

 In practice, an isotope mass spectrometer will measure the 13C/12C ratio in both the sample 

and the reference standard. The measured 13C/12C ratio of the sample is then divided by the 

measured 13C/12C ratio in the reference standard before subtracting away 1. The subtraction of 1 

means that the d13C value will be positive if the sample has a higher 13C/12C ratio than the standard, 

and negative if the 13C/12C is lower than the standard. However, it is important to remember that 

the application of stable isotope geochemistry is usually interested in d13C differences between 

carbon-containing species and how these d13C values change during reactions and processes, not 

the absolute magnitude or sign of d13C. When the 13C/12C ratio changes during a chemical or 

physical process this is referred to as isotopic fractionation.  Because the isotopic fractionation is 

generally small for most processes, we multiply by 1000 in Equation 1.1 to report d13C in permil 

(‰) notation.  

 

1.3.2.3The Kinetic Isotope Effect 

 Although 12C and 13C are both carbon atoms with similar chemical properties, their 

difference in mass leads to slightly different physical properties (e.g. bond strength and vibrational 

energy).76 Using the harmonic oscillator approximation, the fundamental vibrational frequency of 

a bond, 𝜈, is given by Equation 1.2a. Here, k is the force constant, or stiffness of the bond, and µ 

represents the reduced mass of the two atoms comprising the bond, ' m1m2
m1+m2

(. Substituting a heavier 
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isotope (e.g. 13C) into the bond in place of a lighter isotope (e.g. 12C) increases the reduced mass, 

resulting in a lower fundamental vibrational frequency for the bond containing the heavier isotope. 

The lowest energy of vibration for a bond, the zero-point energy (ZPE), is given by Equation 1.2b, 

which shows that bonds with lower 𝜈 will also have a lower ZPE. 

ν = 1
2π
)*
+
                    (Equation 1.2a) 

ZPE = hν
2

                                 (Equation 1.2b) 

 One consequence of 13C having a lower ZPE, is that a larger activation energy (Ea) is 

required for a reaction to take place (Figure 1.2). From the Arrhenius equation,77,78 a larger Ea 

leads to a smaller reaction rate constant, so the molecule containing 13C will have a slower reaction 

rate. Because the molecule containing 12C reacts faster, more 12C ends up in the products compared 

to 13C (i.e. the kinetic effect isotope). The overall result of the kinetic isotope effect is an isotopic 

fractionation where the products of a reaction are depleted in 13C (lower d13C) compared to the 

initial reactant isotopic composition.  
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Figure 1.2 A simplified diagram of the difference in ZPE for a bond containing a 12C atom versus 
a 13C atom. Because 12C sits at a higher energy level, a lower Ea is required to reach the transition 
state. Thus, more of the molecules containing the 12C atom will overcome the Ea barrier necessary 
for the reaction, resulting in a lower ratio of 13C/12C atoms in the products compared to the 
reactants. This phenomenon is termed the kinetic isotope effect. 
 
 
1.3.3 Carbon Isotopes as a Tracer for Seawater Biogeochemical Processes 

 One of the most common examples of kinetic isotopic fractionation occurs during primary 

production by plants (photosynthesis). In phytoplankton, there is a large kinetic isotope effect 

associated with the enzymatic conversion of inorganic CO2 and HCO3- into organic material, by 

the enzymes RuBisCO and PEP carboxylase, respectively.79 The isotopic fractionation results from 

12CO2 (H12CO3-) having a higher ZPE than 13CO2 (H13CO3-), so it more easily overcomes the 

activation energy barrier for the enzymatic reactions and becomes incorporated into the product 

organic material.80 This usually results in organic material with more negative d13C values around 

-20 ‰,79,81 compared to the typical d13C values for dissolved inorganic carbon (-6.6 ‰ to +3.1 
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‰).82 Most of the organic material freshly produced by primary productivity is initially 

incorporated into larger organic material such as phytoplankton biomass, termed the particulate 

carbon pool.83 Eventually, particulate organic material is transformed into smaller, dissolved 

organic material by exudate release, phytoplankton death/cell lysis, and bacterial utilization,54,55,84 

but these processes proceed with only minor isotopic fractionation leading to a dissolved carbon 

pool with a similar d13C values of -21 to -23 ‰.85,86 This dissolved carbon pool contains more 

recalcitrant organic material with longer lifetimes, so it is the most abundant carbon pool in most 

oceanic regions. 

 Importantly, researchers have found that the extent to which phytoplankton discriminate in 

favor of 12C during primary production depends upon the dissolved CO2 concentration in the 

seawater.87,88 There is a general consensus that this relationship arises because when dissolved 

CO2 concentrations are low, or phytoplankton abundance is high, the increased competition for 

CO2 causes phytoplankton to utilize whatever CO2 they can obtain, regardless of whether it is 

12CO2 or 13CO2.89 This is consistent with the lower 12C discrimination observed during large 

phytoplankton blooms when competition for CO2 is heightened, resulting in higher (less negative) 

d13C values for freshly produced particulate organic material compared to the older, more 

processed dissolved organic material.90 These distinct isotopic values provide a way to distinguish 

between “freshly produced” and “aged” organic material in the seawater and may also enable us 

to discern their contributions to organic material in SSA (Figure 1.3). 
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Figure 1.3 In oceanic regimes with low biological activity the “aged” dissolved carbon pool is 
usually the most abundant (left), so the d13C value for SSA is probably similar to the d13C for 
marine dissolved organic carbon. However, under oceanic conditions of high biological activity 
the freshly produced carbon pool increases from primary productivity (right). This freshly 
produced carbon pool often has higher (less negative) d13C values, which may influence the d13C 
value of SSA produced from biologically active waters. 
 

 Based on isotopic measurements of SSA, one study has already proposed that the “freshly 

produced” particulate carbon pool, and “aged” dissolved carbon pool, both contribute significantly 

to SSA.91 This is supported by the higher d13C values observed for marine aerosols above oceanic 

regimes with elevated biological activity,92,93 however, to date no studies have coupled seawater 

d13C measurements with SSA measurements to track the ocean-aerosol transfer of this organic 

material. In this dissertation, we combine d13C measurements on SSA with d13C measurements of 

seawater particulate and dissolved organic material. These measurements reveal the contribution 

of both carbon pools to SSA, shedding light on how biological activity impacts the organic material 

transferred into SSA. In addition to gaining a better understanding of how seawater biology affects 

SSA organic composition, this research provides insight into its effect on the d13C value of SSA 

(d13CSSA). Constraining the likely values of d13CSSA has important consequences for distinguishing 

between aerosol sources in the marine environment. 
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1.3.4 Carbon Isotopes in Aerosol Source Apportionment 

 Another important consequence of the kinetic isotope effect is that organic material formed 

by different chemical and biochemical processes will have characteristic d13C values. Oftentimes, 

this leads to carbon reservoirs with distinct d13C values that can be used to distinguish between 

them (e.g. marine-derived and anthropogenically-produced carbon, Figure 1.4). Atmospheric 

scientists have taken advantage of the source-dependent d13C values to estimate the contribution 

of oceanic (SSA) and continental (anthropogenic) aerosols to the total population of marine 

aerosols using a method called isotopic source apportionment (Equation 1.3):93–98 

δ13Cmarine = (fSSA)(δ13CSSA) + (fanth)(δ13Canth)           (Equation 1.3) 

 

 
Figure 1.4 The contribution of sea spray and anthropogenic emissions to marine aerosols. Because 
d13CSSA and d13Canth have isotopically distinct values, their fractional contribution to the marine 
atmosphere can be estimated via Equation 1.3.93–98 
 

 By measuring the d13C of the total marine aerosol population (d13Cmarine), the fractional 

contributions of SSA and anthropogenic aerosol carbon (fSSA and fanth) can be estimated as long as 
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the d13C values for the two carbon reservoirs (d13CSSA and d13Canth) are accurately known. When 

Chesselet et al.94 first applied Equation 1.3 in 1981, they assumed that d13CSSA was equivalent to 

the d13C value of oceanic dissolved organic material (around 21 ‰). Most of the marine aerosol 

source apportionment studies that followed have applied a similar value for d13CSSA based on their 

work.95–98 However, the recent observation of increased d13C values for marine aerosols during 

periods of elevated seawater biological activity,93 suggests there may be more variability in 

d13CSSA values than previously believed (Figure 1.3). A significant portion of this dissertation work 

is aimed at addressing how seawater biological activity can influence d13CSSA and improving 

constraints on the likely range of nascent d13CSSA values. Through this work, I demonstrate how 

improving our constraints on d13CSSA will help to improve estimates of our anthropogenic 

influence on the marine environment. 
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Chapter 2: Biological Influences on δ13C and Organic Composition of Nascent 
Sea Spray Aerosol  

2.1 Abstract  

 Elucidating the influence of oceanic biological activity on the organic composition of sea 

spray aerosol (SSA) is crucial to understanding marine cloud properties relevant to climate. 

Numerous marine field studies designed to address this topic have yielded conflicting results 

mainly due to an inability to distinguish primary SSA composition from terrestrial and marine 

secondary organic aerosols. In this study, two laboratory-induced phytoplankton blooms were 

conducted in an isolated system without background aerosol contributions. Values for δ13C were 

measured for SSA (δ13CSSA) along with seawater particulate and dissolved organic carbon (δ13CPOC 

and δ13CDOC) to track changes in carbon transfer and composition between seawater and SSA. 

Contrary to common assumptions, δ13CSSA values were not equivalent to δ13CDOC. The consistently 

less negative δ13CSSA values indicate nascent δ13CSSA reflects specific changes in relative 

contributions to SSA from the available seawater carbon pools, as a function of biological activity. 

A dual-source isotopic mixing model revealed the difference between δ13CSSA and δ13CDOC was 

explained by increased relative contributions of freshly produced OC to SSA, with the largest 

contribution of freshly produced OC occurring 2-3 days after the maximum chlorophyll-a 

concentrations. This finding is consistent with previous mesocosm studies showing organic 

enrichment in SSA requires processing by heterotrophic bacteria after periods of high primary 

productivity. This work examining the biological influences on SSA organic composition and 

nascent δ13CSSA values provides new insights into ocean-aerosol carbon transfer dynamics, which 

can be used in future field studies to improve estimates of anthropogenic influences on the marine 

environment. 

 



  27 

2.2 Introduction 

 Sea spray aerosol (SSA), formed by bubbles bursting at the ocean surface, are one of the 

most abundant aerosol types globally.1,2 SSA covers a broad size range from 0.01 to >10 µm in 

diameter,3 and consists of complex mixtures of inorganic ions, organic molecules, and marine 

microorganisms (e.g. phytoplankton, bacteria, viruses) found in the ocean.4–6 Earth’s radiative 

budget is impacted by SSA through direct scattering of sunlight and by seeding clouds, and the 

extent to which SSA affects the Earth’s radiative budget depends on particle size, number 

concentration, and chemical composition.7–9 Higher SSA organic carbon (OCSSA) content has been 

shown to decrease hygroscopic growth factors, and reduce the light scattering ability of SSA.10 

Additionally, the ice nucleation ability of SSA is strongly controlled by specific organic and 

biological species,11,12 highlighting the importance of organic composition in predicting SSA’s 

impact on clouds and climate. 

 The basic principles controlling SSA formation and organic enrichment have been 

extensively studied with air entrainment from breaking waves forming bubbles, which then rise 

scavenging organic material during their ascent to the air-sea interface.13–15 SSA is primarily 

formed by two separate mechanisms when bubbles burst at the ocean surface: 1) bursting of the 

bubble film, the top part that protrudes from the ocean surface, and 2) collapse of the bubble cavity 

producing SSA from the base of the bubble.16 Because SSA formation takes place at the air-sea 

interface, the sea surface microlayer (SSML)—the top 1-1000 µm of the ocean enriched with 

organic compounds—plays an integral role in ocean-aerosol transfer of organic species.17,18 During 

a bubble’s ascent, organic material accumulates on the entire bubble surface and organic species 

in the SSML are concentrated on the bubble film leading to an enrichment of organic matter in 

SSA once the bubble bursts at the air-sea interface. 
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 Despite the abundance of research addressing transfer processes of organic species into 

SSA, the relationship between seawater biological activity (i.e. phytoplankton blooms) and SSA 

organic composition remains a highly debated topic among researchers.15,19–24 As the main primary 

producers in the ocean, phytoplankton convert inorganic CO2 to organic biomass. Initially, most 

of this freshly produced organic biomass is particulate organic carbon (POC), operationally 

defined as organic material >0.7 µm in diameter.25 During bloom growth, POC initially consists 

of whole, living phytoplankton, with the emergence of bacteria and organic aggregates also 

contributing to POC biomass after the initial growth phase.25–27 As a bloom progresses, 

phytoplankton exudates, death, and bacterial processing result in degradation of freshly produced 

organic material to smaller sizes <0.7 µm, termed the dissolved organic carbon (DOC) pool.20,27 

Degradation of this organic material continues long after phytoplankton bloom senescence, 

resulting in an abundance of older, “aged” DOC in oceanic regimes with low biological activity. 

 Because “aged” OC is far more abundant than freshly produced OC in most oceanic 

regimes, some researchers have concluded “aged” OC is the only important carbon pool that 

contributes to OCSSA.15,19,20 Contrary to this, many field measurements indicate OCSSA 

concentrations correlate with primary productivity, and track chlorophyll-a (chl-a), implying a 

substantial contribution of freshly produced OC to SSA in oceanic regimes of high biological 

activity.21–24 To resolve these discrepancies between field studies it is prudent to elucidate the 

contribution of freshly produced OC to OCSSA; however, in the marine environment this is 

complicated by numerous factors including formation of secondary marine aerosol (SMA), 

interference from terrestrial aerosol sources, chemical transformations during atmospheric 

transport, and bacterial-enzymatic degradation of labile, freshly produced OC.28–32 The first two 

factors contribute interfering marine aerosol carbon with an organic composition different from 
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SSA, while the latter two can obscure chemical distinctions between newer, freshly produced and 

older, “aged” OC in SSA. A recent mesocosm study focusing on the effects of seawater biology 

on SSA organic composition found that enrichment of aliphatic organics in SSA was different for 

two consecutive phytoplankton blooms, and controlled by the bacterial-enzymatic activity in the 

seawater as well as microbial degradation of freshly produced OC.30 The contradictory conclusions 

drawn from this abundance of research highlight the necessity for laboratory studies of isolated, 

nascent SSA to provide insight into ocean-aerosol organic transfer during periods of high 

biological activity, and identify the seawater carbon sources contributing to OCSSA. 

 Stable carbon isotopic analysis is an excellent technique for identifying and quantifying 

sources of carbon species. To date, the primary application of stable carbon isotopic measurements 

(δ13C) to marine aerosols has been for source apportionment to determine the fractional 

contributions of OCSSA (fSSA) versus anthropogenic aerosol carbon (fanth) to the marine 

environment. These source apportionment calculations are made using a dual-source isotopic 

mixing model with the assumption that the two sources contributing to aerosol carbon in the marine 

environment are SSA and anthropogenic aerosol (Equation 1.3).33–39 This equation requires 

precise knowledge of the SSA carbon isotopic composition (d13CSSA), but determination of this 

value in the marine environment is complicated by photochemical aging of primary SSA, 

formation of marine SMA, and contributions from terrestrial aerosols. Historically, because “aged” 

OC is the most abundant surface ocean OC reservoir, most studies assume d13CSSA is the same as 

d13C for seawater DOC, around -20 to -23 ‰.37–39 This assumption has come under scrutiny 

recently, with measurements of primary marine aerosols in the North Atlantic indicating a trend 

of less negative d13C values during periods of high biological activity.34 The researchers attributed 

this to incorporation of freshly produced organic material into SSA. A subsequent isotopic study 
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on marine aerosols led to the proposal that two distinct carbon pools, nominally freshly produced 

and “aged” OC, contribute to OCSSA.40 That study, however, did not include seawater d13CPOC and 

d13CDOC measurements that may have allowed quantification of their relative contributions. 

 Building upon previous research, this study aims to quantify the contribution of freshly 

produced OC to OCSSA by combining d13CSSA measurements with seawater d13CPOC and d13CDOC 

measurements. Oftentimes during phytoplankton blooms significant d13C increases of 3-5 ‰ occur 

in freshly produced OC leading to a d13C for freshly produced OC that is isotopically distinct from 

d13C values for “aged” OC.41,42 This is usually due to lower 12C isotopic discrimination by 

phytoplankton during CO2 fixation as competition increases for available CO2.41–43 It was stated 

above that generally in seawater freshly produced OC is predominantly POC, while the majority 

of “aged” OC is DOC. When this is the case, the d13C values for freshly produced and “aged” OC 

can be approximated with measurements of seawater d13CPOC and d13CDOC. Therefore, 

Equation 2.1a, a dual-source isotopic mixing model analogous to Equation 1.3, allows for 

calculation of the fractional contribution for freshly produced OC to OCSSA (Equation 2.1b): 

d13CSSA = (fFreshOC)( d13CPOC) + (fAgedOC)( d13CDOC)                (Equation 2.1a) 

 δ CSSA
a

a
13 -δ Ca

13
DOC
a

δ CPOC
a

a
13 -δ Ca

13
DOC
a =FractionFreshOC                                             (Equation 2.1b) 

 In this study, two separate phytoplankton blooms were induced an isolated system by 

nutrient addition to natural, Pacific Ocean seawater. Carbon concentrations and d13C values for 

POC, DOC, SSML, and SSA were measured to elucidate the contributions freshly produced and 

“aged” organic material SSA. For these experiments, freshly produced OC refers to organic 

material produced during the phytoplankton bloom experiments, and “aged” OC refers to organic 

material present in the initial seawater or contributed by the nutrient addition. Our findings provide 
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insight into how seawater biological activity impacts SSA organic composition and d13CSSA, and 

demonstrate that accounting for the biological influence on d13CSSA can improve source 

apportionment of marine aerosols. 

 
2.3 Experimental Methods 

2.3.1 Marine Aerosol Reference Tank (MART) Bloom Experiments.  

 Two separate phytoplankton bloom experiments, henceforth referred to as MART1 and 

MART2, were carried out in the same MART system for 2-3 weeks each.44 In each experiment, 

the 210 L tank was filled with 120 L of natural, filtered (50 µm Nitex mesh to remove zooplankton) 

seawater collected from Ellen Browning Scripps Memorial Pier (32.8634° N, 117.2546° W) on 

April 23rd, 2018 and May 31st, 2018 for MART1 and MART2, respectively. After seawater was 

added, a water chiller was attached to maintain a constant water temperature of 18˚C throughout 

the experiment, the first chl-a measurement was made, and the seawater was left overnight to 

equilibrate. The next morning initial samples of DOC, POC, and SSML were collected, followed 

by the addition of Guillard’s f/20 diatom growth medium with sodium metasilicate45 and the 

activation of solar simulator lamps to continuously supply ~70 µE m-2 s-1 of photosynthetically 

active radiation to the MART for biological growth.46 Phytoplankton speciation was not 

determined for these experiments, and microbial communities in the initial seawater were not 

altered in any way before addition of growth medium. Keeping the initial seawater unaltered, other 

than the adding growth nutrients, allows the MART experiments to reproduce the chemical 

complexity of the open ocean. 

 To aerate the seawater, particle-free room air was pumped into the MART through Tygon 

tubing until chl-a, measured once daily via a calibrated, handheld fluorometer (Aquafluor, Turner 
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Designs), reached ~12 µg L-1. The 12 µg L-1 threshold has been employed in previous MART 

experiments to ensure a significant amount of phytoplankton growth before turning on the pump 

used for water recirculation in the MART, which can lyse fragile cells inhibiting phytoplankton 

growth.46 The morning after chl-a reached ~12 µg L-1, the Tygon tubing was moved from the 

seawater to the MART headspace to flow in particle-free air at 6 L min-1. Once particle 

concentrations in the MART fell below 1 cm-3, aerosol production via the plunging waterfall 

technique44 was commenced with a 4-second on-off waterfall cycle. The plunging waterfall 

generates SSA with particle size distributions representative of oceanic wave breaking,3,44 and a 

centrifugal pump attached to the MART recirculates water from the bottom of the tank to replenish 

the waterfall. Extensive methodology and specific chemical and biological details for this type of 

experiment are described elsewhere.46 

 

2.3.2 Sample Collection for SSA, POC, DOC, SSML, and Bacteria.  

 Sea spray aerosol was collected by pulling air from the MART headspace onto 47 mm pre-

combusted (500 ˚C,  >4 hours) quartz fiber filters at 5 L min-1. A diffusion dryer filled with silica 

gel was placed before the filters to dry the aerosols before collection. SSA samples consisted of 

total suspended particles (TSP) collected for >40 hours to ensure adequate sample loadings for 

isotopic measurements. Field blanks were collected at the end of the experiments in addition to 

three-day collection filters without aerosol generation (see Section 2.6.1). All SSA samples and 

blanks were stored at -12˚C in plastic petri dishes wrapped with Teflon tape. The DOC, POC, 

SSML carbon (OCSSML), and bacteria were collected at the beginning and end of each SSA 

sampling period. The glass plate method was employed to collect SSML, with care taken to ensure 
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that a 30 cm length of the glass plate was lowered and raised through the seawater at a consistent 

rate of 5-6 cm/s for every collection.47,48 This process was repeated to collect 40 mL of combined 

seawater and organics in the SSML into a combusted glass vial, corresponding to an SSML 

thickness of 100 µm across the entire tank surface. The SSML samples were not filtered, so 

OCSSML contains a combination of both POC and DOC. Bulk seawater was collected from a spigot 

on the MART located 23 cm below the water surface. The bulk seawater was filtered through a 

combusted 0.7 µm Whatman glass fiber filter (GF/F) to separate POC from DOC, and two 40 mL 

DOC aliquots were collected into combusted glass vials. The POC filters were collected into 

plastic petri dishes and stored at -12˚C, while SSML and DOC vials were immediately acidified 

to pH 2, wrapped with Teflon tape and stored at room temperature. Heterotrophic bacteria in the 

bulk seawater were enumerated using a BioRad ZE5 flow cytometer after staining with SYBR 

Green-I (Thermo Fisher, cat #S7563). 

 

2.3.3 d13C Analysis for SSA.  

 Isotopic analyses are reported in conventional delta notation standardized to Pee Dee 

Belemnite by Equation 1.1.49,50 Right after collection, SSA samples and field blanks were cut in 

half; half was immediately analyzed for d13C analysis, and the other half was stored frozen. 

Following established methods in the Thiemens Stable Isotope Lab at UCSD, the filter half for 

d13C analysis was placed in a 20 cm long quartz tube containing 250 mg CuO and attached to a 

vacuum line. After evacuation, a valve was closed to seal the tube, and an 850˚C combustion 

furnace was placed on the quartz tube for 3 hours to convert all carbon to CO2. The CO2 was then 

cryogenically separated, total carbon yield (µmoles CO2) was measured by capacitance 
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manometry, and later converted to OCSSA concentration using the total volume of air collected. 

Subsequently, the CO2 was collected into a sample tube and d13C analysis was conducted on a 

MAT 253 Isotope-Ratio mass spectrometer. SSA samples were not corrected for carbonates so 

OCSSA refers to organic carbon and carbonates combined, however research shows that carbonates 

have a minimal effect on d13C of marine aerosols.33 Measured SSA concentrations and d13C were 

corrected for filter blanks as described in Section 2.6.1. 

 

2.3.4 d13C Analysis for POC, DOC, and SSML.  

 The OC concentrations and d13C values for POC samples were measured at the Scripps 

Institution of Oceanography Stable Isotope Laboratory using a Thermo Finnigan DeltaPlus 

Isotope-Ratio mass spectrometer interfaced with a Costech 4010 elemental combustion analyzer. 

Error analyses were made by measuring GF/F blanks to correct for amounts and isotopes (Section 

2.6.1). SSA isotopic analysis was not carried out on this instrument as OC amounts were below 

the limit of quantitation. Acidified, liquid DOC and SSML samples were sent to G.G. Hatch Stable 

Isotope Laboratory in Ottawa, Canada for d13C analysis on an OI Analytical Aurora Model 1030W 

total organic carbon (TOC) Analyzer interfaced to a Finnigan DeltaPlus XP Isotope-Ratio mass 

spectrometer with a 1𝜎 analytical precision of ± 0.2 ‰.51 

 

2.3.5 Aerosol Size and Mass Measurements.  

 A Scanning Mobility Particle Sizer (SMPS) and Aerodynamic Particle Sizer (APS) were 

used to measure SSA size distributions on four days during MART2. The SMPS measured 

particles with dry mobility diameters from 0.015-0.572 µm, which are equivalent to physical 

diameters if particle sphericity is assumed. The APS measured aerodynamic diameters from 
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0.669-19.69 µm, which were corrected to a physical diameter range of 0.498-14.67 µm by 

assuming spherical particles with an effective density of 1.8 g cm-3.44,52,53 The SMPS and APS data 

were merged around a 0.6 µm physical diameter, and SMPS data with larger diameters were 

excluded. The 0.6 µm diameter is at the high and low end of the respective instruments’ detection 

limit, accounting for SSA size distribution discrepancies in the 0.5-0.7 µm diameter range. The 

aerosol sizing data displayed in Figure 2.1 demonstrate the reproducibility of the SSA size 

distribution, despite some variance in total SSA number concentration. MART1 and MART2 were 

conducted in the same tank, with the same aerosol formation properties, thus the measured aerosol 

sizes are also applicable to MART1. 

 SMPS and APS size distribution data was used to calculate total particle mass 

concentration using the same effective density of 1.8 g cm-3. Because particle flux from the MART 

varied, total particle mass concentrations for all four days were averaged to approximate the mean 

particle mass concentration throughout the experiment. The SSA mass concentrations displayed 

in Figure 2.1 show that slight differences in supermicron size distributions, the main contributors 

to SSA mass, led to some variance in the total SSA mass which ranged from 195-366 µg m-3 

(mean = 271 ± 73 µg m-3). These mass differences are more likely attributable to variability in 

SSA mass flux during the hour-long duration of sizing measurements, not daily changes in total 

SSA mass concentration. 
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Figure 2.1 The SSA number size distribution (left) and SSA mass distribution (right) for 
measurements made on four separate days during MART2. The sizing data was averaged to obtain 
a mean aerosol mass concentration as described above. 
 
 
2.3.6 Lipid Biomarker Analysis for SSA.  

 The lipid preparation and analysis were carried out at the UCSD Lipidomics Core. For lipid 

extraction from SSA samples, the aerosol filters were soaked for 30 minutes in a 13 x 100 mm test 

tube containing 2 mL of methanol before addition of 2 mL methylene chloride and 250 µL of 

0.1 MHCl in H2O. The tubes were vortexed and chilled on ice for 30 minutes before transferring 

all the liquid to another 13 x 100 mm tube and carrying out a Bligh-Dyer extraction.54 

Saponification was carried out by adding 0.5 N KOH in methanol to the tube and incubating for 

1 hour at 37 ˚C, followed by neutralization to pH 3.0. To extract the “free” fatty acids, 1 mL of 

isooctane was added to the tubes, and the top layer was transferred to a mass-spec vial after 

centrifugation. The samples were vortexed and incubated for 20 mins with 50 µL of 1% 

pentafluorobenzyl bromide and 50 µL of 1% diisopropyl ethylamine for fatty acid derivatization. 

After evaporation to dryness 50 µL of isooctane was added and samples were run on an Agilent 

5975 GC-MS.55 
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2.4 Results and Discussion 

2.4.1 POC-DOC-OCSSA Dynamics during Phytoplankton Blooms.  

 Phytoplankton bloom progression for both experiments was monitored by measuring the 

chl-a, heterotrophic bacteria, POC, DOC, and OCSSML concentrations (Figure 2.2 and Table 2.1). 

Initially, chl-a was 2.1 µg L-1 in MART1 and 1.5 µg L-1 in MART2, increasing after nutrient 

addition to similar maxima of 27 and 28 µg L-1, respectively. These blooms are larger than those 

in open marine waters, which typically have peak chl-a values between 1 and 10 µg L-1, but are 

consistent with previous MART experiments using the same nutrient addition.46,56,57 After 

commencing SSA production, the chl-a concentrations for both experiments decreased below 

2 µg L-1 within two days, remaining below this level for the rest of the experiment. The sharp chl-

a decline is partially caused by the aforementioned damage to fragile phytoplankton cells from the 

centrifugal pump used for SSA generation, and previous MART studies exhibit this same decline 

with chl-a values dropping to pre-bloom levels in 2-3 days. As a result, most experimental 

measurements were conducted after the chl-a maximum. In the open ocean, breaking waves 

produce SSA during all bloom phases. However, the highest OC enrichment in SSA often occurs 

after the chl-a peak, suggesting the bloom decay phase may be the most important for transfer of 

freshly produced OC into SSA.58,59 
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Figure 2.2 A time series displaying the chl-a, heterotrophic bacteria, POC, DOC, and OCSSML 
concentrations for a) MART1 and b) MART2. The dashed lines denote that measurements were 
made at individual time points. The initial DOC measurements for a) MART1 and b) MART2 
(Day 1) were made before nutrient addition, which contributes 12 µM DOC. Vertical error bars 
are included for all species, but uncertainty was smaller than the data points for POC, DOC, and 
OCSSML concentrations. 

 

 The initial MART1 and MART2 POC concentrations of 46 µM and 34 µM increased 

several-fold during the experiments to similar maxima of 160 µM and 151 µM, respectively. The 

large POC concentration increase can be attributed to increased phytoplankton growth, and 

indicates the majority of the POC in both experiments is freshly produced OC. A decrease in POC 

concentration would be expected to accompany the phytoplankton death, as indicated by the chl-

a decline, but the POC concentration was almost the same two days after the chl-a peak in MART2 

and had even increased slightly three days after the chl-a peak in MART1. Figure 2.2 shows the 

trends in POC concentrations after the chl-a maximum in MART1 and MART2 are closely linked 

to changes in the heterotrophic bacteria concentrations. In both experiments, as chl-a began 
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declining heterotrophic bacteria concentrations rose sharply, reaching their maxima three and two 

days after the chl-a peak for MART1 and MART2. The bacteria concentrations showed similar 

increases of 5-6 fold in both experiments compared to the initial seawater concentrations. The 

initial seawater bacteria concentrations were higher for MART1 than MART2, which likely 

explains why bacteria concentrations reached a higher peak in MART1 than MART2. 

Nevertheless, the maximum concentrations in both experiments were on the order of 

107 cells mL-1, which is similar to previous MART bloom experiments as well as phytoplankton 

blooms in the open ocean.32,46,60,61 When phytoplankton blooms decay, heterotrophic bacteria 

concentrations often increase when bacteria assimilate freshly produced OC including 

phytoplankton exudates and detritus.30,46 The close trend suggests that after the chl-a peak 

heterotrophic bacteria contribute significantly to POC biomass, implying a considerable portion of 

the freshly produced OC has undergone bacterial processing. 

 The initial DOC concentrations were 136 µM for MART1 and 141 µM for MART2, which 

reached similar maximum values of 218 µM and 202 µM during both experiments. Accounting 

for the 12 µM increase from nutrient addition, the DOC concentrations increased by 70 and 49 µM 

for MART1 and MART2, respectively, compared to the pre-bloom concentrations. These smaller 

concentration changes indicate the DOC is mostly comprised of “aged” organic material present 

in the initial seawater before bloom growth began. Importantly, when compared to the POC 

concentration increases of 114 µM and 117 µM, it is clear the majority of freshly produced OC 

was in the form of POC for both experiments. 
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Table 2.1 Concentration and isotope values for MART1 and MART2 experiments.a 

Bloom 
Day 

Chl-a 
(µg L-1) 

Bacteria 
Counts 

(107 mL-1) 

POC 
Conc. 
(µM) 

DOC 
Conc. 
(µM) 

OCSSML 
Conc. 
(µM) 

OCSSA 
Conc.b 

(µg m-3) 

ẟ13C 
POC 
(‰) 

ẟ13C 
DOC 
(‰) 

ẟ13C 
SSML 

(‰) 

ẟ13C 
SSAb 
(‰) 

 MART1 

Day 1 2.09 1.11 46 136 228 — -19.9 -22.1 -22.2 — 

Day 4 26.6 1.05 129 135 — — -18.2 -21.3 -21.7 — 

Day 5 7.07 — — 168 333 5.16 — -23.0 -20.6 -21.4 

Day 7 1.45 6.97 160 168 257 5.23 -17.2 -23.0 -21.7 -20.8 

Day 9 0.73 3.67 150 184 284 omit -16.9 -22.7 -21.1 omitd 

Day 11 0.75 2.78 128 189 223 3.45 -17.9 -22.2 -22.3 -21.4 

Day 14 0.97 3.04 134 187 254 3.91 -18.3 -22.3 -22.3 -21.4 

Day 16 1.02 3.60 131 218 248 5.83 -18.4 -23.1 -22.1 -22.0 

 MART2 

Day 1 2.24 0.61 34 141 299 — -18.5 -23.3 -22.7 — 

Day 3 27.6 0.21 151 202 — — -16.8 -22.7 -21.4 — 

Day 5 1.87 2.96 150 172 421 5.06 -15.5 -22.9 -20.8 -19.6 

Day 7 1.44 1.73 87 187 394 3.64 -15.0 -23.0 -24.7 -18.3 

Day 9 1.66 1.73 79 179 378 3.86 -14.6 -22.9 -23.8 -19.4 

Day 11 0.96 2.24 100 142 359 4.28 -15.7 -20.1 -21.1 -19.4 

Day 13 0.96 1.86 130 145 249 4.47 -16.5 -22.3 -21.6 -19.8 

Day 17 1.63 1.57 133 135 284 5.52 -18.6 -20.5 -20.6 -21.2 
a Uncertainties for measurements are shown in Figures 2.2 and 2.3. 
bFor the SSA samples the Day refers to when the sampling duration ended. 
c Dashes denote that variable was not measured for that day. 
d MART1 Day 9 SSA sample was omitted due to an anomalous concentration and d13C value 
indicative of contamination. 

 

 

 The OCSSML concentrations showed similar trends for both experiments, with the largest 

OCSSML concentrations, 333 µM for MART1 and 421 µM for MART2, occurring immediately 
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after the chl-a peak. The OCSSML concentration was higher in MART2 than MART1 following the 

chl-a peak, but both decreased to stabilize around 250 µM as the experiments progressed. For both 

experiments, no measurements of OCSSML were reported for days when room air was being 

bubbled into the seawater, which included the day of maximum chl-a concentrations. Although 

bubbling air into the seawater in the isolated MART is necessary to facilitate phytoplankton 

growth, this process does not occur in oceanic environments, and the air bubbles likely transported 

organic material to the seawater surface leading to an over-enrichment of organics in the SSML. 

For this reason, with the exception of Day 1 before bubbling was initiated, OCSSML measurements 

were only reported after the bubbling was stopped and SSA production had commenced. 

The OCSSA concentrations for MART1 and MART2 ranged from 3.45-5.83 µgC m-3 

(mean 4.93 µgC m-3) and 3.86-5.52 µgC m-3 (mean 4.47 µgC m-3), respectively (Figure 2.3). The 

higher OCSSA concentrations compared to open ocean measurements reflects higher SSA particle 

concentrations from the MART, but carbon comprised only 1-2% of TSP SSA mass (Figure 2.3), 

comparable to marine observations.23,62 Similar values for OCSSA concentrations in both 

experiments is consistent with the similar seawater OC concentrations and reproducibility of the 

SSA generation method. 
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Figure 2.3 Data points represent the OCSSA concentrations for a) MART1 and b) MART2. 
Horizontal error bars represent the collection duration for each SSA sample and the data points 
were placed in the middle of the sampling period. Vertical error bars are included and are about 
the height of the data point. The bars represent the percent contribution of OC to total SSA mass 
for a) MART1 and b) MART2, calculated by assuming an average total SSA mass concentration 
of 271 µg m-3 for each day. Total SSA mass was calculated from the aerosol mass distribution in 
Figure 2.1. Bars are placed in the middle of the sampling duration. 
 

 
2.4.2 Seawater d13C Constraints on Nascent d13CSSA in the Marine Environment.  

 Conducting experiments in an isolated environment enabled the first measurement of 

d13CSSA on nascent SSA without any background aerosol contributions. Figure 2.4 shows that 

d13CSSA was statistically less negative than the average d13CDOC value for each SSA collection 

period throughout the entirety of both blooms except for MART2 Days 15-17. This establishes 

that d13CSSA is not necessarily equivalent to d13CDOC, as has been widely assumed by previous 

researchers. Interestingly, d13CSSA fell between d13CPOC and d13CDOC for the entirety of the MART1 
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and MART2 experiments, suggesting the difference between d13CSSA and d13CDOC can be used to 

assess the contribution of freshly produced OC to OCSSA. This observation is consistent with our 

earlier hypothesis that OCSSA is comprised of both freshly produced and “aged” OC. As described 

below, validation of this initial hypothesis prompted a more detailed and quantitative examination 

of how these seawater carbon pools contribute to OCSSA and influence marine d13CSSA values. 

 
Figure 2.4 δ13C values for POC, DOC, SSML, and SSA throughout a) MART1 and b) MART2, 
overlaid on the chl-a time series. Because SSA was sampled continuously, while POC, DOC, and 
SSML were only measured at individual points, Figure 2.4 plots the average of two seawater δ13C 
values, one at the beginning and end of each SSA collection (Table 2.1), with the data points in 
the middle of the collection period (further details in Section 2.6.1). This facilitates an easier 
comparison between δ13CSSA and the seawater δ13C values, showing that δ13CSSA is consistently 
less negative than δ13CDOC. Horizontal error bars for SSA indicate the collection duration for each 
sample, and data points represent the middle of the sampling period. Vertical error bars, calculated 
as explained in Section 2.6.1, are shown for each species and are approximately the height of the 
data point for δ13CDOC and δ13CSSML. 
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 In order to estimate the contribution of freshly produced OC to OCSSA using the isotopic 

mixing model introduced in Equation 2.1b, there are two conditions that must be met: 1) d13CPOC 

and d13CDOC must have distinct isotopic values, and 2) the POC pool should be comprised 

primarily of freshly produced OC, while the DOC pool should be predominantly “aged” OC. As 

anticipated, increased amounts of isotopically less negative, freshly produced OC during the 

phytoplankton growth phase, most of which was POC, caused d13CPOC to increase by 3-4 ‰ in the 

two experiments (Figure 2.4). In contrast, d13CDOC displayed only modest changes during the 

phytoplankton growth phase, and was distinctly more negative than d13CPOC throughout both 

experiments, fulfilling the first condition. Regarding the second condition, as detailed in Section 

2.4.1, the POC and DOC concentrations in Figure 2.2 show most POC is freshly produced OC, 

while DOC is primarily “aged” OC. Since the two conditions were satisfied in both experiments, 

the fractional contribution of freshly produced OC to OCSSA for each SSA sample, termed 

FractionFreshOC, was calculated and displayed in Figure 2.5 by approximating that freshly produced 

OC had isotopic values equivalent to d13CPOC and “aged” OC the same as d13CDOC. 

 Figure 2.5 shows the proportional contribution of freshly produced OC to OCSSA necessary 

to account for the difference between d13CSSA and d13CDOC for each collection. The proportion of 

“freshly produced” OC ranged from 7-63%, and a contribution of freshly produced OC to OCSSA 

was necessary to explain the measured d13CSSA value for every SSA sample in both experiments, 

demonstrating OCSSA composition in the marine environment will nominally be comprised of both 

freshly produced and “aged” OC. These findings directly contradict the assertion by some 

researchers that OCSSA is comprised only of organic species from the “aged” OC pool.15,19,20 

Complementary to the findings in this work, a recent study by Beaupre et al.63 in the Western 

Atlantic compared radiocarbon signatures for OCSSA with dissolved inorganic carbon (DIC), a 
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proxy for freshly produced OC, and surface DOC, a proxy for “aged” OC. Using their surface 

DOC measurements as the “aged” end-member and surface DIC measurements as the freshly 

produced end-member, additional calculations akin to Equation 2.1b indicate freshly produced OC 

in the Western Atlantic comprises 19-88% of OCSSA. These measurements confirm that freshly 

produced OC is significantly incorporated into OCSSA in the marine environment and show good 

agreement with the contribution of freshly produced OC to SSA observed in this work. Although 

one might expect that higher amounts of freshly produced OC in our nutrient-enhanced biological 

growth experiments would lead to higher FractionFreshOC values, much of this organic material may 

have been whole phytoplankton and cell detritus too large to be transferred into SSA. Their 

radiocarbon measurements were conducted on SSA from natural seawater without any stimulated 

biological growth, suggesting the FractionFreshOC values and OCSSA compositions in our 

experiments are similar to what would be expected in the natural marine environment.  

 The radiocarbon measurements showed the contribution of freshly produced OC was 

largest in coastal regions with elevated chl-a values, reinforcing the importance of biological 

activity on OCSSA composition. However, it was also found to be as high as 37% in low biological 

activity oceanic regimes, suggesting freshly produced OC is a substantial contributor to OCSSA 

under most oceanic conditions. The authors point out that while radiocarbon measurements reveal 

the age of carbon in SSA, δ13C measurements would have been useful to characterize the sources 

of carbon contributing to OCSSA. In this study, the δ13C measurements identified two distinct 

seawater carbon pools contributing to SSA with freshly produced OC consisting mostly of POC, 

and “aged” OC primarily composed of DOC. Additionally, conducting these measurements 

throughout a phytoplankton bloom cycle revealed the temporal changes in the contribution of 

freshly produced OC to SSA. 
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Figure 2.5 Fractional contribution of freshly produced OC to OCSSA, FractionFreshOC, overlaid on 
the chl-a time series for a) MART1 and b) MART2. C) Shows the combined FractionFreshOC data 
from MART1 and MART2 plotted in days after the chl-a maximum to help facilitate experimental 
comparison. Both experiments show a similar time lag between the chl-a maximum and the largest 
FractionFreshOC. This time lag, which was 2 days for MART1 and 3 days for MART2, suggests 
freshly produced OC may undergo bacterial processing before being efficiently transferred into 
SSA. FractionFreshOC was calculated using Equation 2.1b and the isotopic values from Figure 2.4 
(see Section 2.6.2 for more details). Vertical error bars were calculated from the δ13CSSA 
uncertainty in Figure 2.4, and the horizontal error bars represent the collection duration for each 
SSA sample with data points placed at the middle of the sampling period. 

 
 
2.4.3 Temporal Dependence of Freshly Produced OC Contribution to OCSSA.  

 Measuring changes in d13C over the course of both MART experiments provided a time 

series of the biological activity effects on seawater chemistry and nascent OCSSA composition. A 

clear link between oceanic biological activity and OCSSA composition was evident due to the fact 

that this study eliminated contributions from the interfering aerosol sources mentioned previously. 

Most notably, in Figure 2.5 both experiments exhibit the same temporal trend in FractionFreshOC 
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with the highest values delayed from the chl-a maximum by 2-3 days. Similar results were 

obtained in a previous MART experiment where mass spectral organic biomarkers were found to 

increase in the days following the chl-a maximum.46 A time lag between the chl-a peak and the 

greatest contribution of freshly produced organic material to OCSSA demonstrates phytoplankton 

abundance (chl-a) alone is not sufficient to explain changes in SSA organic enrichment, implying 

carbon transfer into SSA is likely influenced by microbial processing in the seawater. Interestingly, 

Figure 2.6 displaying the OCSSA mass percent for three labile phytoplankton lipid biomarkers in 

MART1, C16:1, C20:5, and C22:6, shows the contribution of these labile species to SSA sharply 

decreases after the first 24 hours. Although the MART2 SSA sample collected for the first 48 hours 

after the chl-a peak was not available for lipid measurements, Figure 2.6 similarly shows the OCSSA 

contribution of these labile lipid biomarkers is low for samples collected more than 48 hours after 

the chl-a peak. Consistent with these measurements, a recent phytoplankton bloom mesocosm 

experiment found that enrichment of highly-labile, aliphatic organic matter in SSA was highest 

during the chl-a peak, and this enrichment mostly disappeared within 24 hours after the chl-a 

maximum.30 This was attributed to rapid bacterial-enzymatic degradation of highly labile organic 

matter in the seawater, revealing that seawater bacterial activity, in addition to phytoplankton 

abundance, controls enrichment of organic matter in SSA.  

 This study extends the previous research on SSA organic enrichment by demonstrating that 

while the contribution of highly-labile organic species to SSA may be highest immediately 

following the chl-a peak, the largest proportional contribution of freshly produced OC to SSA is 

delayed from the chl-a maximum by 2-3 days. These findings suggest the highest enrichment of 

freshly produced OC in SSA occurs after this organic material has been partially degraded by 
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bacteria and imply that bacterial processing may lead to more efficient transfer of freshly produced 

organic material into SSA. 

 
Figure 2.6 Changes in OCSSA mass percent of three phytoplankton lipid biomarkers in SSA 

during the first 10 days of bloom decay for a) MART1 and b) MART2. The lipid biomarker 
concentrations were converted to lipid carbon mass percent to account for any differences in OCSSA 
concentrations between SSA samples (see Figure 2.3). The highest values occur in the MART1 
sample collected for the first 24 hours after the chl-a peak, and the lipid biomarker contributions 
to OCSSA have decreased by more than 50% in the sample collected 24-72 hours after the chl-a 
peak. Measurement of the MART2 SSA sample collected in the 48 hours following the  chl-a peak 
was not available but similar to MART1, MART2 also shows low contributions of the lipid 
biomarkers to all SSA samples collected more than 48 hours after the chl-a peak. The bars are 
placed in the middle of each SSA collection duration for every sample. 

 
 

 Similar to the findings in this work, Rinaldi et al.58 have observed a time lag of 5-7 days, 

accounting for the air mass travel time, gives the highest correlation between chl-a and the 

contribution of water-insoluble organic matter (WIOM) to submicron SSA in ocean waters with 

high chl-a concentrations. The authors hypothesized this time lag might be due to seawater 

biological processes producing organic material that is more efficiently transferred into SSA but 
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did not directly resolve the relationship between increased WIOM enrichment in SSA and 

biological processes occurring in the seawater. Their field observations align well with our bloom 

experiments where an increased proportional contribution of more insoluble, freshly produced OC 

to OCSSA occurred 2-3 days delayed from the maximum chl-a concentration. Because most of the 

freshly produced organic material formed during phytoplankton growth was in the POC pool, the 

time lag is likely related to the degradation of freshly produced POC into sizes small enough to 

efficiently transfer into SSA. In this study, freshly produced organic material during the 

phytoplankton growth phase, as indicated by chl-a, is likely dominated by whole, living 

phytoplankton, many of which are >10 µm in diameter,64 larger than the majority of SSA 

particles.3 Immediately following the chl-a peak in both experiments, the heterotrophic bacteria 

concentration swiftly increased resulting in the breakdown of freshly produced organic material 

into smaller phytoplankton exudates and detritus as well as organic aggregates. For both MART1 

and MART2, bacterial abundance was highest either during or before the SSA sampling period 

with the largest FractionFreshOC, suggesting that several days after the chl-a maximum bacterial 

processing may have degraded freshly produced OC into small enough sizes to be more effectively 

enriched in SSA.  

 The proposed mechanism is supported by bubbling experiments on biologically active 

seawater that showed the 1H-NMR spectra of submicron marine aerosol closely match the spectra 

for POC <10 µm.24 This would also explain why the observed time lag was longer for submicron 

SSA compared to this study on TSP SSA, because the freshly produced OC would need to be 

broken down into smaller sizes to be transferred into the submicron aerosols. Although the exact 

physicochemical mechanisms controlling breakdown of freshly produced OC and enrichment in 

SSA cannot be fully resolved by these isotopic measurements, the comparable time lag between 
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peak chl-a and maximum freshly produced OC contribution to OCSSA for both MART experiments 

strongly points to the important role heterotrophic bacteria play in controlling carbon transfer 

during separate phytoplankton blooms. The isotopic measurements highlight the influence of 

seawater microbiology on SSA organic composition, confirming conclusions from previous 

research indicating this influence depends on both phytoplankton and bacterial abundance.30 

Additionally, because freshly-produced OC has a less negative d13C value, these chemical and 

biological influences on OCSSA composition may affect the d13C value of nascent SSA. 

 
Figure 2.7 A robust positive correlation between FractionFreshOC and d13CSSA for the combined data 
from MART1 and MART2. This relationship suggests that increased incorporation of isotopically-
heavy, freshly-produced OC into SSA leads to higher d13CSSA values. 

 

2.4.4 Impact of Seawater Carbon Pools on d13CSSA Variability. 

 One of the main objectives for this study was to better understand how seawater biological 

activity impacts d13CSSA values. Combining the isotopic data from both experiments shows that 

d13CSSA ranged from -18 to -22 ‰ under conditions of high biological activity, less negative than 
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the normally assumed -20 to -23 ‰. Furthermore, Figure 2.7 shows that the less negative d13CSSA 

values correlate with higher FractionFreshOC values (R2 = 0.734), suggesting that the biological 

influence on d13CSSA derives from an increased proportional contribution of isotopically-heavy, 

freshly produced OC to SSA. Although the contribution of two separate carbon pools to OCSSA 

complicates estimates of nascent d13CSSA, the fact that d13CSSA consistently fell between d13CPOC 

and d13CDOC for both experiments, indicates that seawater measurements of d13CPOC and d13CDOC 

can provide upper and lower constraints on the range of likely nascent d13CSSA values. 

 To investigate potential factors impacting the contribution of freshly produced OC to 

OCSSA, correlation plots were made for the combined data from MART1 and MART2 to compare 

changes in POC, DOC, and OCSSML concentrations with changes in OCSSA concentration and 

FractionFreshOC (Figure 2.8). The only significant correlation for the combined experiments, 

R2 = 0.6489, was between OCSSML concentration and FractionFreshOC (Figure 2.8g), where higher 

OCSSML concentrations corresponded to a larger FractionFreshOC in SSA. One plausible explanation 

would be the SSML contained more freshly produced OC and higher OCSSML concentrations 

resulted in a larger contribution of this carbon pool to SSA. However, if the OCSSML was 

contributing more to OCSSA one would expect their organic composition, and thus d13CSSML and 

d13CSSA values, should be similar. Figure 2.4b shows the two SSA samples with the highest 

FractionFreshOC values and least negative d13CSSA values, MART2 Days 6-8 and 8-10, correspond 

to the most negative d13CSSML values. This indicates on these days the OCSSA composition was 

actually not similar to the OCSSML composition. Moreover, Figure 2.8c displays no correlation 

between OCSSML and OCSSA concentrations, suggesting increased OCSSML concentrations did not 

lead to larger amounts of carbon transferred into SSA, but only to an increased proportional 

contribution of freshly produced OC to SSA. Because changes in seawater organic composition 
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do not seem to fully account for the differences in FractionFreshOC between MART1 and MART2, 

we speculate below on two complementary explanations that address the primary formation 

mechanisms for SSA in the context of the relationship between higher OCSSML concentrations and 

a higher contribution of freshly produced OC to SSA. These explanations are consistent with our 

measurements and recent research regarding the physical processes that affect carbon transfer into 

SSA. Recent bubble bursting experiments by Chingin et al.65,66 indicate that adsorption of organics 

to the bubble surface begins as a kinetic process immediately following bubble formation, but 

transitions into a competitive equilibrium process as the bubble rises through the water column 

and its surface becomes saturated with organics. The competitive equilibrium process favors more 

aliphatic, insoluble organic species (e.g. lipids and biomolecules), which have a higher affinity for 

the bubble surface. Their research shows that for the seawater OC concentrations around 300 µM 

and bubble rise paths around 25 cm in our MART experiments, many bubbles will likely be 

saturated with organics before reaching the SSML. Because the bubble surface will already be 

saturated by the time the bubble rises to the SSML, the only way organic species near the seawater 

surface can be transferred to the bubble surface is through competitive equilibrium adsorption, 

which favors more aliphatic, insoluble freshly produced OC. Previous bubble bursting studies have 

found higher OC concentrations in surface seawater lead to bubble stabilization increasing bubble 

residence time at the air-sea interface, and allowing for more equilibrium adsorption.67,68  

 



  53 

 

 

Figure 2.8 Correlation scatterplots of POC, DOC, and OCSSML with OCSSA (plots a-c), OCSSA with 
FractionFreshOC (plot d), and POC, DOC, and OCSSML with FractionFreshOC (plots e-g) for the 
combined data from MART1 (dark blue dots) and MART2 (green dots). The only significant 
correlation was between OCSSML concentration and FractionFreshOC (plot g), with higher OCSSML 
concentrations leading to the increased proportional transfer of freshly produced OC into SSA. 
Vertical error bars are included for all data points and horizontal error bars represent the likely 
range of concentrations during each SSA collection period. 
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 Supermicron SSA is primarily comprised of jet drops, which form from bulk seawater 

below the SSML,16 so their organic composition is not expected to reflect the composition of the 

SSML. Because supermicron SSA includes organic material from the base of the bubble, the 

competitive equilibrium adsorption could lead to an increased proportion of freshly produced OC 

in supermicron SSA. An increased proportion of freshly produced OC in supermicron SSA would 

explain why the FractionFreshOC increases, but the OCSSA composition is not similar to the OCSSML. 

On the other hand, submicron SSA are mostly formed from the bubble film when the bubble bursts. 

Longer bubble residence at the air-sea interface has been found to increase drainage of more 

soluble OC from the bubble film back into the seawater,68 resulting in a larger proportion of 

aliphatic, freshly produced OC remaining on the bubble surface before bursting to form SSA. This 

provides a rationale for how the proportion of freshly produced OC could be higher in submicron 

SSA at higher OCSSML concentrations. 

 These two MART experiments highlighting the important influence of the SSML on 

carbon transfer and OCSSA composition suggest more comprehensive SSML organic concentration 

and composition measurements during field studies may be useful to characterize OCSSA 

composition in the marine environment. Additionally, while our isotopic data cannot definitively 

establish that changes in bubble dynamics directly affected the contribution of freshly produced 

OC to SSA, future research focusing on the potentially significant impact of bubble persistence 

and drainage, as well as size dependence of OCSSA composition, could be important to elucidating 

the fundamental mechanisms controlling carbon transfer into SSA. 
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2.5 Conclusions and Atmospheric Implications 

 This study performed two phytoplankton blooms in a highly characterized laboratory 

environment to evaluate the d13C value of isolated, nascent SSA and examine how d13CSSA is 

influenced by seawater biological activity. The two phytoplankton bloom experiments revealed 

d13CSSA is consistently less negative than d13CDOC during high biological activity regimes, because 

of a significant contribution of isotopically less negative freshly produced OC to OCSSA. Figure 2.9 

depicts a simplified representation of how biological activity affects the seawater POC and DOC 

pools and shows the processes by which these carbon pools influence OCSSA composition. The 

range of d13C values observed in the high biological activity regimes from this work are presented 

in Figure 2.9 for POC, DOC, SSML, and SSA. Some open ocean d13C measurements made over a 

wider range of biological activity levels are included from previous studies for comparison. To our 

knowledge this work provides the first d13CSSML measurements and the first measurements for 

pure, nascent d13CSSA. 
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Figure 2.9 A schematic depicting the relationship between the different seawater carbon pools and 
their transfer processes into SSA. POC formed by primary production can be converted to DOC 
by microbial processing, and both POC and DOC are scavenged by bubbles, brought to the SSML 
and subsequently enriched in SSA. The size spectrum at the bottom of the schematic shows typical 
organisms and molecules in the seawater along with the operational 0.7 µm size cutoff used in this 
manuscript for POC and DOC. Also included are the δ13CPOC, δ13CDOC, δ13CSSML, and δ13CSSA 
ranges from this work observed during periods of high biological activity as well as open ocean 
values from previous works (with references) for comparison.69–72 

 

 Accounting for the biologically induced δ13CSSA variability exhibited in our experiments 

may help improve source apportionment of marine aerosols in oceanic regimes with elevated 

biological activity. The importance of considering biological influences on δ13CSSA in marine 

aerosol source apportionment calculations is illustrated by Figure 2.10. For given δ13Cmarine values, 

this figure shows the difference between the fanth values calculated from Equation 1.3 when 

assuming a δ13CSSA of -21 ‰ versus using the actual δ13CSSA values of -18 to -22‰ observed in 
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our experiment. The fanth difference, multiplied by 100 to obtain a percent value, is displayed as 

the colormap on Figure 2.10 and demonstrates that assuming a constant δ13CSSA of -21‰37–39 can 

lead to over a 30% underestimate in the anthropogenic contribution to aerosol carbon in marine 

environments. 

 Studies looking to use our d13CSSA measurements to improve marine aerosol source 

apportionment should consider that these measurements apply to nascent d13CSSA before any 

atmospheric aging occurred. This has important implications for the OCSSA composition and d13C 

values observed in this study as compared to marine aerosols. Photochemical aging of primary 

OCSSA often leads to d13C increases during atmospheric transport.73–75 Dasari et al.75 have used the 

isotopic shift between source and receptor sites as a proxy to model the extent of aerosol aging. 

Field studies often collect SSA from air masses that have been traveling several days, so this study 

provides an isotopic source characterization of nascent SSA that can be integrated with marine 

measurements to evaluate aging of SSA. Aerosol aging can cause climatically significant changes 

in absorptivity and hygroscopicity,73,75–77 so measuring d13C for nascent, unaltered SSA provides 

a critical reference point to understand the impact of aging on climatically relevant SSA properties. 
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Figure 2.10 For each d13Cmarine value, shows the difference in the percent anthropogenic 
contribution, fanth(x100), calculated from Equation 1.3 when assuming a δ13CSSA of -21 ‰ versus 
using the actual δ13CSSA values of -18 to -22‰ observed in our experiment. A d13Canth endmember 
of -27 ‰ was used based on previous marine source apportionment studies.33,37 When d13CSSA is 
-18 ‰, the highest value observed in our experiments, assuming a δ13CSSA of -21 ‰ results in a 
maximum underestimate of 33% at a measured d13Cmarine value of -21 ‰. 
  

 
 In addition to aging of primary SSA, atmospheric oxidation of gas phase species can lead 

to formation of secondary marine aerosol (SMA). SMA is expected to have a more negative d13C 

value than primary SSA,62-64 so source apportionment studies will need to account for the 

contribution of marine SMA to total marine aerosol carbon before applying the d13CSSA values 

measured in these experiments. Dual-isotopic mixing is only able to distinguish between marine 

and terrestrial aerosol contributions, but atmospheric source apportionment studies would benefit 

greatly from the ability to separate primary and secondary marine aerosol carbon. These two 

experiments provide constraints on the d13C values for primary SSA, and applying these values to 
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aerosols in the remote marine environment (with minimal terrestrial contributions) can help future 

atmospheric studies differentiate between primary and secondary marine aerosols. 

 Hitherto, many marine field studies have focused on simple measurements of OCSSA 

concentrations and enrichment factors to characterize SSA carbon. This is understandable as 

identification of unaltered, freshly produced organic species is complicated by rapid degradation 

of this highly labile organic material in the ocean and photochemical alteration during atmospheric 

transport. Nevertheless, it is highly recommended that future field studies supplement bulk OCSSA 

measurements by including direct measurements of chemical or isotopic composition for seawater 

POC, seawater DOC, OCSSML and OCSSA to address the transfer of freshly produced OC into SSA. 

Our isotopic measurements indicate the most significant biological influence on OCSSA occurred 

2-3 days after the chl-a peak and suggest the contribution of freshly produced OC to OCSSA is 

strongly dependent on the degradation processes and timescales for incorporation of this organic 

material into nascent SSA as it forms at the ocean surface. These findings imply that accurate 

knowledge of seawater enzymatic activity and kinetics for microbial degradation of freshly 

produced organic material are integral to understanding biological impacts on OCSSA composition, 

and measurements of these properties should be a focus of future marine field studies. 

 

2.6 Supporting Information  

2.6.1 Determination of Filter Blanks and Measurement Uncertainties.  

 All isotopic corrections for the POC and SSA filter blanks were made using Equation 2.2 

for isotopic mass balance to calculate d13CSSA or d13CPOC: 

 d13CSample = (fblank)( d13Cblank) + (fSSAorPOC)( d13CSSAorPOC)     (Equation 2.2) 
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 For determination of the POC filter blank mass fraction, fblank, four combusted GF/F filters 

were analyzed simultaneously with the POC samples. The carbon amount and isotopes from these 

four blank samples were averaged and the measurement uncertainty used was the standard 

deviation of the four blanks’ values for both isotopes and amount. 

 For SSA samples, the carbon amount (OCSSA) and d13CSSA fblank values were separated into 

an offline analysis carbon blank and a MART sampling carbon blank. The offline analysis carbon 

blank (“field blank”) was determined by individually attaching four QMA filters to the MART and 

immediately removing without any air collection. The MART sampling carbon blank was 

determined by separately attaching three QMA filters to a sealed MART containing 120 L of 

seawater with particle-free air pumping through the headspace. Air was collected onto the QMA 

filters for 3 days each, nine days in total, by pumping at 5 L min-1, but without any aerosol 

production from the plunging waterfall. The difference between the “field blank” and three-day 

collection blanks gave the MART sampling carbon blank, which is important as QMA filters have 

been shown to absorb some gaseous species in addition to aerosols.1,2 The MART sampling carbon 

blank was further corrected to account for differing 1-3 day SSA sampling durations before use in 

Equation 2.2. 

 

2.6.2 Averaging of Seawater d13C for Calculation of FractionFreshOC and OC Correlations. 

 To facilitate comparison of d13CSSA with d13CPOC, d13CDOC, and d13CSSML, the values 

measured at the beginning and end of each SSA collection period were averaged and these average 

values are plotted in Figure 2.4. All averaged data points for the three seawater species are placed 

in the middle of the time period between the two measurements used in the average. If one of the 

seawater d13C values was not measured on a specific day, the nearest two measurements were used 
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to calculate the average value. For example, no measurements for POC, DOC, or SSML were 

made for MART2 Day 15, so the data points for d13CPOC, d13CDOC, and d13CSSML on MART2 Day 

15 are an average of the Day 13 and Day 17 seawater d13C values, as these were the nearest 

measured data points. Likewise, the Day 4 and Day 7 d13CPOC values were averaged and included 

both the Day 4-5 and Day 5-7 SSA samples. This averaged d13CPOC value was compared to both 

SSA samples for any further calculations. These are the two instances where a seawater value did 

not directly line up with a d13CSSA measurement. 

 The same averaging technique was used to calculate the FractionFreshOC displayed in 

Figure 2.5. For averaged DOC, POC, or SSML values that did not perfectly overlap with the SSA 

collection period, the closest averaged value was used to compare to the SSA, same as the 

explanation above. 
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Chapter 3: Isotopic Insights into Organic Composition Differences between 
Supermicron and Submicron Sea Spray Aerosol 

 
3.1 Abstract 

 To elucidate the biological and physicochemical factors driving differences in organic 

composition between supermicron and submicron sea spray aerosol (SSAsuper and SSAsub), carbon 

isotopic composition (d13C) measurements were performed on size-segregated, nascent SSA 

collected during a phytoplankton bloom mesocosm experiment. The d13C measurements indicate 

that SSAsuper organic composition resembles a mixture of particulate and dissolved organic 

material in the bulk seawater. After phytoplankton growth, a greater amount of freshly produced 

carbon was observed in SSAsuper with the proportional contribution being modulated by bacterial 

activity, emphasizing the importance of the microbial loop in controlling the organic composition 

of SSAsuper. In contrast, SSAsub exhibited no apparent relationship with biological activity, but 

correlated closely with surface tension measurements probing the topmost ~0.2-1.5 µm of the sea 

surface microlayer. Because this probing depth is similar to the bubble film thickness at the ocean 

surface, the correlation suggests that SSAsub organic composition strongly depends on surfactants 

present at the air-sea interface that are transferred into SSAsub by bubble bursting. Our findings 

illustrate the substantial impact of seawater dynamics on the pronounced organic compositional 

differences between SSAsuper and SSAsub, and demonstrate that these two SSA populations should 

be considered separately when assessing their contribution to marine aerosols and climate. 

3.2 Introduction 

 Atmospheric aerosols affect Earth’s radiative budget directly, by reflecting and absorbing 

incoming solar radiation, and indirectly, by serving as nuclei for water and ice cloud formation.1 
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There is currently a large amount of uncertainty in aerosol radiative forcing estimates for the 

marine environment arising from the contribution of both naturally and anthropogenically 

produced aerosols to the direct and indirect aerosol effects.2,3 Sea spray aerosol (SSA), formed by 

bubbles bursting at the ocean surface, is often the most abundant primary aerosol type in the marine 

atmosphere.4–6 However, as anthropogenic aerosol emissions have continued to increase above 

pre-industrial levels, so has their contribution to marine aerosols.7,8 The important role that SSA 

and anthropogenic aerosol play in marine cloud formation and climate necessitates methods that 

effectively characterize aerosol sources in the marine environment.9,10 

 Carbon isotope analysis (δ13C) is one of the most commonly employed techniques in 

marine aerosol source apportionment studies to distinguish between the fractional contribution of 

natural and anthropogenic aerosol carbon (fSSA and fanth, Equation 1.3):11–15 This technique is 

excellent for differentiating two carbon sources with distinct isotopic values but requires accurate 

knowledge of the δ13C endmember values for both SSA (δ13CSSA) and anthropogenic aerosol 

(δ13Canth). Unfortunately, the value of pure, nascent δ13CSSA has been difficult to establish in the 

ambient environment due to background contributions from anthropogenic and terrestrial aerosols 

as well as photochemical processing of primary SSA organic carbon (OC) during atmospheric 

transport.16,17 This has prompted a plethora of research aimed at understanding the factors 

influencing variability in nascent δ13CSSA. 

 Lacking a better option, initial source apportionment studies assumed that δ13CSSA was 

equivalent to the δ13C for oceanic dissolved organic carbon, around -21‰.12,13,15 More recent 

research contradicts this assumption, showing that marine aerosols have higher (less negative) δ13C 

values in oceanic regimes with elevated seawater biological activity.11,14 These higher δ13CSSA 

values can be explained by biologically induced isotopic differences between the two seawater 
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carbon pools that contribute to SSA, dissolved and particulate organic carbon (DOC and POC). 

Oftentimes during large phytoplankton blooms freshly produced OC is isotopically-heavy (less 

negative δ13C) because the lack of CO2 availability leads to less 12C discrimination during CO2 

fixation.18,19 The majority of this freshly produced OC is usually incorporated into phytoplankton 

biomass as POC,20 leading to the conclusion that the seawater carbon transferred into SSA is likely 

a mixture of older, “aged” DOC and newer, “freshly produced” POC.21 This conclusion is 

supported by laboratory experiments on nascent SSA that combined δ13CSSA measurements with 

seawater d13CPOC and d13CDOC measurements to reveal that increased biological activity leads to a 

greater incorporation of freshly produced OC in SSA, resulting in less negative δ13CSSA values.22 

The same study further illustrated the importance of accounting for variability in δ13CSSA values 

by demonstrating that assuming a constant δ13CSSA value of -21‰ can result in up to a 33% 

underestimate in the contribution of anthropogenic aerosol carbon to the marine environment.22 

 One remaining issue to address when comparing marine aerosol source apportionment 

studies is that some studies have measured total suspended particles (TSP),14,23 a combination of 

submicron and supermicron particles, while others have focused only on submicron particles.11 

This distinction is important because submicron SSA (SSAsub) and supermicron SSA (SSAsuper) 

often have dissimilar organic compositions due to their different formation mechanisms at the 

ocean surface.24,25 The majority of SSAsub are film drops produced when the bubble film cap bursts 

at the air-sea interface, whereas SSAsuper are produced from an unstable jet formed at the bubble’s 

base when the bubble cavity collapses.4 SSAsub generally contains aliphatic, surface-active organic 

material,26,27 in accordance with its composition being heavily influenced by the sea surface 

microlayer (SSML), the top 1-1000 µm of the ocean surface containing elevated organic surfactant 

concentrations.28,29 The organic composition of SSAsuper is usually more comparable to the bulk 
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seawater, and often includes a large proportion of freshly produced biological material.22,25,30 

Logically, these organic composition differences may result in different δ13C values for SSAsub 

and SSAsuper (δ13Csub and δ13Csuper), but this possibility has yet to be explored for pure, nascent 

SSA. 

 Herein, we report values of δ13Csub and δ13Csuper for nascent SSA measured over the course 

of a phytoplankton bloom mesocosm experiment. The mesocosm experiment was part of the 2019 

Sea Spray Chemistry and Particle Evolution (SeaSCAPE) intensive conducted in a unique ocean-

atmosphere facility at the Scripps Institution of Oceanography (SIO).31  The goal of this work is 

to identify the physicochemical and biological factors controlling the differences in organic 

composition and δ13C values between SSAsub and SSAsuper. 

 

3.3 Experimental Methods 

3.3.1 The Wave Channel Mesocosm Experiment. 

 This work reports on a mesocosm phytoplankton bloom experiment conducted in an ocean-

atmosphere wave channel at the SIO Hydraulics Lab. A comprehensive description of this 

experiment can be found in Sauer et al.31 so only the important experimental details will be 

described here. On July 23rd, 11,800 L of coastal Pacific Ocean seawater was collected from 

Scripps Pier, filtered with 50 µm Nitex mesh, and added to the wave channel. From July 25th-26th, 

an f/20 algae nutrient mixture with sodium metasilicate was added dropwise to the wave channel 

to stimulate phytoplankton growth.32 Solar simulator lamps were lined along the entire outside of 

the wave channel to provide photosynthetically-active radiation for phytoplankton growth, and the 

lamps were run on a 14-hour/10-hour day/night diel cycle. Chlorophyll-a (chl-a) was continuously 

measured in situ to monitor phytoplankton growth in the wave channel (see section 3.3.2 below). 
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 On July 28th, a separate 1,135 L carboy was filled with natural seawater, collected and 

filtered in the same manner as the wave channel seawater above. Algae growth nutrients (f/2) with 

sodium metasilicate were immediately added to this seawater and it was left outdoors where it 

could receive a greater radiation flux. Once the carboy bloom reached exponential growth phase 

on August 1st, as indicated by chl-a (Aquafluor, Turner Designs), 1,135 L of the wave channel 

seawater was removed, and the carboy was added as a 10% inoculation. Simultaneously, algae 

nutrients were added to the wave channel to bring the total wave channel nutrient concentration to 

f/2.32 The goal of this inoculation was to grow a robust phytoplankton bloom that would enable 

the investigation of biologically induced changes to the chemical composition of SSA. 

 

3.3.2 In Situ Measurement of Chl-a and Dissolved CO2 Concentrations. 

 A flow-through sensor/analyzer suite was used for in situ measurements bulk seawater 

properties including seawater temperature, dissolved oxygen, salinity, and chl-a (SeaBird 

Scientific SBE16 and SBE63 with Eco-Triplet BBFL2). The in situ chl-a data was calibrated using 

measurements of chl-a extracted from GF/F filtered bulk seawater and quantified by fluorometric 

analysis according to CalCOFI methods.33 More details on the chl-a measurements can be found 

in Sauer et al.31 

 A separate continuous flow system was used for determination of the dissolved CO2 

concentration. This system measured pH (Honeywell Durafet), dissolved oxygen (Aanderaa Data 

Instruments 3835 Optode), and pCO2 and total dissolved inorganic carbon using a “Burke-o-lator” 

custom IR analyzer.34,35 The seawater carbonate speciation and dissolved CO2 concentration were 

calculated from these measurements with corrections made for seawater temperature and salinity. 
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3.3.3 Collection of Communal Bulk Seawater and SSML Samples. 

 Each morning between 9 and 11 am the bulk seawater and SSML were collected from the 

back of the wave channel in a designated seawater sampling section (see Sauer et al.31 for wave 

channel depiction). The bulk seawater was siphoned into two 8 L plastic carboys with a 2 m long 

Teflon tube placed about 20 cm below the seawater surface. All materials were acid washed with 

10% HCl each day before collection. In the laboratory, all bulk seawater analyses used aliquots 

from these carboys to ensure that every measurement was made on comparable seawater samples.  

 The SSML was collected from the same seawater sampling section of the wave channel by 

employing the glass plate method.36 The glass plate was carefully lowered into the water at a rate 

of 5-6 cm/s and withdrawn at the same rate, which corresponds to a sampled SSML thickness of 

around 50 µm.36,37 After withdrawal from the seawater, the glass plate was suspended for 20 

seconds to allow any bulk seawater to drain back into the wave channel. The remaining mixture 

of seawater and organics on the plate was considered the SSML and scraped into a combusted 

glass bottle using a Teflon scraper. This process was repeated until about 200 mL of SSML had 

been collected. This 200 mL SSML sample was used for all SSML measurements in the 

experiment to ensure consistency between analyses. 

 

3.3.4 Seawater Analyses of DOC, POC, and Bacteria Concentrations 

 For collection of DOC, two 40 mL aliquots were taken from the communal carboys and 

GF/F filtered (Whatman, 0.7 µm pore size) into combusted glass vials. The DOC samples were 

immediately acidified to ~pH 2 with concentrated HCl and stored in a covered box at room 

temperature.  
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 One liter of bulk seawater from the carboys was used to collect POC samples segregated 

into two size classes, 1.0-2.7 µm and 2.7-10 µm, by three successive filtrations. First, the seawater 

was filtered through an Isopore polycarbonate membrane (EMD Millipore, 10 µm pore size) to 

remove the POC too large to be transferred into most SSA. Then the seawater was GF/D filtered 

(Whatman, 2.7 µm pore size) to retain the 2.7-10 µm fraction and GF/B filtered (EMD Millipore, 

1.0 µm pore size) to retain the 1.0-2.7 µm fraction. Each filtration step was made into a separate, 

combusted filter flask, and the filtration apparatus was rinsed with 1% HCl and MQ H2O between 

successive filtrations. The POC filters were collected into plastic petri dishes and stored frozen at 

-12˚C. 

 For quantification of bacteria cells, bulk seawater samples were prepared according to 

standard protocols.38,39 Samples were preserved with 5% glutaraldehyde, flash frozen with liquid 

nitrogen, and stored at -80˚C.40 The bacteria samples were then diluted 10-fold in 1x TE buffer at 

pH 8 and stained for 10 minutes with SYBR Green I in the dark at room temperature.38 Finally, 

bacteria cells enumeration was carried out using a BD FACSCanto IITM flow cytometer. 

 

3.3.5 Bacterial Production Measurements and Bacterial Carbon Demand 

 Bacterial production was measured daily in bulk seawater samples by [3H]-leucine 

incorporation41 modified for microcentrifugation.42 Triplicate 1.7 mL aliquots were incubated with 

[3H]-leucine (20 nM final concentration) for 1 hour. Samples with 100% trichloroacetic acid added 

prior to [3H]-leucine addition served as blanks. Leucine incorporation was converted to carbon 

production assuming 3.1 kg C (mol leucine)-1.43 

Bacterial Respiration = 3.70 × (Bacterial Production)0.41               (Equation 3.1) 
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 The bacterial carbon demand (BCD) is the sum of the carbon incorporated into bacterial 

biomass (bacterial productivity) and the carbon respired by bacteria back into CO2 (bacterial 

respiration). An equation to estimate bacterial respiration from measured bacterial production was 

developed by del Giorgio and Cole (Equation 3.1).44 We used Equation 3.1 to estimate BR from 

each daily BP measurement, and added these two values together to obtain the total BCD. 

 
 
3.3.6 Tensiometer and Atomic Force Microscopy SSML Surface Tension Measurements. 

 Surface tension measurements on SSML samples collected daily were performed using 

Kibron AquaPi force tensiometer (Kibron, Finland) with the Du Noüy-Padday method.45,46 

Samples were not diluted before measurements, and at least three replicate measurements were 

performed on each liquid sample. Surface tension values are reported as the mean with one 

standard deviation.  

 Force spectroscopy (i.e., force plots) measurements were performed using Molecular force 

probe 3D atomic force microscopy (AFM, Asylum Research, Santa Barbara, CA) in contact mode 

at ambient pressure and temperature (25°C).45,47 High aspect ratio, constant diameter Ag2Ga 

nanoneedles (NN-HAR-FM60, Nauga Needles) with a nominal spring constant of 2.7-3.3 N/m and 

typical radius of 25–100 nm were used for surface tension measurements. The nanoneedle radius 

was calibrated by performing force measurements on a reference ultra-pure water droplet with 

known surface tension (72.0 mN/m at 25 °C) before and after each surface tension measurement.48 

If the calibrated radius differed by more than 10%, the data was discarded, and the experiment was 

repeated with a new nanoneedle. The resultant value was also compared with scanning electron 

microscopy image of each nanoneedle. For AFM surface tension measurement, an SSML droplet 

(typically 5-7 mm width and 2-3 mm height) was placed on a silicon wafer substrate. Evaporation 
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of the SSML droplets was minimized using a custom-made sealed humidity cell. Force 

measurements were collected over the approximate center of each SSML droplet with a 1 Hz scan 

rate. The nanoneedle was indented several hundreds of nanometers (range of 0.2–1.5 µm) into the 

SSML droplet, paused within the droplet for 2 seconds of dwell time, and then retracted away from 

the droplet with a constant pulling rate of 2 µm/s.45 At least five consecutive force plots were 

collected for each sample, and the maximum retention force was used to quantify the droplet 

surface tension. AFM surface tension data is reported as the mean with one standard deviation. 

 

3.3.7 Size-Segregated SSA Collection and Analysis.  

 For size-segregated SSA collection, a sampling setup made entirely of stainless steel tubing 

was connected to the headspace of the wave channel. The tubing contained a y-splitter that split 

the flow in two directions to collect both SSAsub particles and total suspended SSA particles 

(SSATSP) onto precombusted quartz fiber filters (Whatman QM-A, 47 mm). Most SSA samples 

were collected for >40 hours to ensure sufficient carbon amounts for isotopic analysis. 

Additionally, field blank filters were collected every couple of days to correct for sample handling 

and analysis. Sample handling and analysis were likely the largest contributor to carbon blanks, as 

the background particle concentrations in the wave channel remained below 5 cm-3 throughout 

almost the entire experiment.31 The SSA and field blank filters were collected into plastic petri 

dishes and stored frozen at -12˚C until analysis. 

 Collection of SSAsub was achieved using an URG-2000-30EH cyclone, which allows 

particles smaller than the cutpoint to pass through to the filter while retaining particles larger than 

the cutpoint. According to manufacturer settings, this cyclone has a 50% cutpoint diameter of 

1.0 µm at the flow rate of 50 LPM used for sample collection. Therefore, SSA was collected out 
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of the wave channel at a total flow rate of 100 LPM, and rotameters were used to keep the flow in 

both directions the same at 50 LPM, which ensured uniform particle distributions in both 

directions. A drier was not included before either filter, so particles were deposited wet; thus, the 

1.0 µm cutpoint for SSAsub applies to the wet particle diameter. Relative humidity (RH) was not 

directly measured for this sampling setup, but based on measurements for similar offline sampling 

setups during SeaSCAPE, SSA particles were likely collected around an RH of 75-85%.49 

 All SSA samples and field blanks were analyzed via a combustion method previously 

developed in the Thiemens Stable Isotope Laboratory.22 To convert all carbon species to CO2, 

filters were combusted for 3 hours at 850˚C in an evacuated quartz tube containing 250 mg of 

CuO. The total CO2 yield was measured by capacitance manometry and d13C was analyzed on a 

MAT 253 Isotope-Ratio Mass Spectrometer. SSA samples were not acidified to remove carbonates 

so OC in SSA refers to the combination of carbonates and organic carbon; however, the SSA 

collected in this study had a pH of 4 or below,49 so the contribution of carbonates was likely 

insignificant. 

 After field blank correction of the SSAsub and SSATSP OC amounts and d13C values, the 

SSAsuper OC amount was subsequently calculated by taking the difference between the blank-

corrected SSATSP and SSAsub OC amounts. Likewise, the d13Csuper was calculated analogous to 

Equation 1.3 by realizing that d13CTSP is a weighted combination of d13Csuper and d13Csub.  

 

3.3.8 Concentration and Isotope Analysis for POC and DOC. 

 Before isotopic analysis, the POC filter samples were processed according to CCE-

CalCOFI methods adapted from Bodungen et al.50 Inorganic carbonate was removed from the 

samples by acid fumigation in a dessicator for 12 hours. The POC filters were then dried in an 
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oven at 60˚C for 48 hours. Subsequently, the POC amount and d13C value were analyzed at the 

SIO Stable Isotope Facility on a Thermo Finnigan DeltaPlus Isotope-Ratio mass spectrometer 

interfaced with a Costech 4010 elemental combustion analyzer. 

 Liquid DOC samples were sent to the Jan Veizer Stable Isotope Laboratory in Ottawa, 

Canada for d13C and concentration analysis. The samples were analyzed on an OI Analytical 

Aurora Model 1030W total organic carbon (TOC) Analyzer interfaced to a Finnigan DeltaPlus XP 

Isotope-Ratio mass spectrometer with a 1𝜎 analytical precision of ± 0.2‰.51 

 

3.3.9 TD-GCxGC-EI-ToF-MS Measurements of Speciated Organics 

 Submicron aerosols were collected onto tissuequartz filters (Pallflex) from a sampling port 

directly past the wave breaking region. Supermicron aerosols were excluded using a greaseless 

cyclone (BGI Mesa Labs). Extraction of dissolved phase seawater organics was carried out via 

methodology adapted from Dittmar et al.52 Briefly, 20 L seawater samples were collected into a 

cleaned polypropylene jug and pumped through a series of filters: 10 micron, 0.7 micron, and 0.2 

micron, using a peristaltic pump with PTFE-lined tubing at a flowrate of 100 mL/min to minimize 

backpressure and avoid cell lysing. Following this, the seawater was gravity filtered through a pre-

cleaned SPE-PPL cartridge overnight at a rate of 3 drops/sec or less.  Samples were washed and 

eluted with methanol three times, immediately dried down to a solid, and stored in a freezer 

at -18°C. Plasticware was cleaned with 3x methanol followed by 3x Milli-Q water rinses before 

usage. 

 Prior to organic speciation analysis, dried dissolved samples were reconstituted in 

methanol and introduced onto filter material (Pallflex tissuequartz) for maximized methodological 

similarity to aerosol compositional analysis. Dissolved and aerosol-phase organics were analyzed 
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by thermal desorption two-dimensional gas chromatography coupled with high resolution electron 

ionization time of flight mass spectrometry (TD-GCxGC-EI-ToF-MS).  This instrument thermally 

desorbs organics from the filter material, focuses them on a cooled inlet, and separates them by 

both volatility and polarity using two sequential GC columns. Recovery of polar organics is 

enhanced by derivatization. Separated organics between between C12 and C36 n-alkane volatility 

equivalents are detected by 70 ev EI MS (Tofwerk), enabling the production of clean mass spectra 

for each individual organic compound.  These spectra can then be compared to authentic standards 

and NIST/NIH/EPA mass spectral databases for identification and categorization of known 

organics. Additional instrumental and methodological details can be found in Worton et al.53   

 

3.4 Results and Discussion 

3.4.1 Biological Progression and Seawater Carbon Dynamics 

 When discussing the biological progression during the mesocosm study it is helpful to 

organize the experiment into three parts based on the experimental phases that occurred: 1) prior 

to the 10% inoculation (before 8/1), 2) highest phytoplankton abundance (8/1-8/4), and 3) bloom 

senescence and bacterial growth after the wall scraping (8/5-8/7 and thereafter). Little 

phytoplankton growth (chl-a increase) was observed throughout the first period following the 

initial addition of f/20 algae nutrients on July 25th, prompting addition of the outdoor carboy on 

August 1st (solid line in Figure 3.1a). After inoculation with the outdoor carboy bloom and 

simultaneous augmentation of the algae nutrients to f/2, phytoplankton abundance (chl-a) in the 

wave channel sharply increased to above 20 µg L-1, and was sustained around this level for the 

next two days before declining on August 3rd and 4th. The substantial phytoplankton growth during 

this period also led to a large drawdown in the dissolved CO2 concentration (Figure 3.1a), which 
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has important consequences for the isotopic compositions of freshly produced OC in the seawater 

and SSA. 

 From August 1st-August 4th, the biological growth (i.e. phytoplankton and bacteria) was so 

intense that it coated the wave channel walls and began to block out the photosynthetic light 

supplied by the solar simulator lamps. Therefore, on August 5th the sides of the wave channel were 

scraped to remove the biomass accumulation and enable a greater flux of light for continued 

growth (asterisk in Figure 3.1a). Rapid bacterial growth occurred in the water column over the 

next two days probably due to feeding on the organic material scraped off the walls, resulting in 

the highest bacteria concentrations observed during the experiment. 

 
Figure 3.1 a) Chl-a, dissolved CO2, and bacteria concentrations throughout the mesocosm 
experiment. The 10% inoculation on August 1st is indicated by the gray line, and the asterisk 
denotes when the wave channel walls were scraped on August 5th. b) The DOC and POC1-10 
concentrations during the experiment with the POC1-10 concentration (full bar height) separated 
into 1-2.7 µm (red) and 2.7-10 µm (yellow) size fractions. The POC1-10 measurement on 8/1 
represents the concentration before the 10% inoculation, while no analogous measurement was 
available for DOC. The DOC increase between 7/31 and 8/2 is entirely due to the 108 µM C in the 
nutrient addition. The dashed lines represent that measurements were taken at individual time 
points, while solid lines indicate continuous sample measurement. 
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 As a result of the biological growth and experimental perturbations, DOC and POC 

concentrations exhibited vastly different temporal evolutions over the course of the mesocosm 

experiment (Figure 3.1b). The DOC (purple) increased from 121 µM on 7/31 to 228 µM on 8/2, 

but this increase was due to the EDTA and vitamins addition from the f/2 algae nutrients, which 

contributed an additional 108 µM C.54 From 8/2 onward DOC concentrations did not increase by 

more than 23%, indicating that most of the DOC in the wave channel was present in the initial 

Pacific Ocean source seawater or was contributed by the nutrient addition. 

 On the other hand, concentrations of POC with 1-10 µm diameters (POC1-10) were 80-

545% higher throughout phytoplankton growth and senescence as compared to the concentration 

on 8/1 right before the 10% inoculation. This indicates that a significant portion of the POC1-10 

was freshly produced by biological growth during the experiment. The goal of measuring POC 

with 1-10 µm diameters was to assess the amount of seawater particulate material small enough to 

transfer into SSA particles, the majority of which have diameters less than 10 µm.30 In Figure 3.1b, 

the POC1-10 concentrations are reported in stacked bars separated into two size fractions, 1.0-2.7 

µm (red) and 2.7-10 µm (yellow), to show how the biological dynamics impacted different 

particulate sizes. A portion of the 1.0-2.7 µm POC was likely intact bacteria cells as this particulate 

fraction showed a moderate positive correlation with bacterial abundance (R2 = 0.55, Figure 3.2a). 

The 2.7-10 µm POC is larger than most bacteria and likely comprised of pico- and nano-plankton, 

algal detritus, and particulate aggregates.55 The highest 2.7-10 µm POC concentrations occurred 

on 8/5 and 8/6, probably resulting from the wall scraping introducing larger particulate material 

into the water column. 
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Figure 3.2 a) Correlation plot showing a moderate positive correlation between heterotrophic 
bacteria and concentration of POC between 1-2.7 µm. b) Correlation between POC1-10 
concentration and FractionFreshOC showing that increased POC1-10 only has a weak influence on the 
amount of freshly produced OC transferred into SSAsuper. c) Strong negative correlation between 
bacterial carbon demand and FractionFreshOC suggesting that increased bacterial productivity and 
respiration may remove some of the freshly produced OC before it can be transferred into SSA. d) 
Strong negative correlation between bacterial carbon demand and the OC mass percent of SSAsuper 
consistent with increased bacterial utilization of carbon leading to less freshly produced OC 
transferred into SSAsuper. 
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δ13Csuper increased sharply after the chl-a peak, it appears likely the SSAsuper organic composition 

is impacted by biological activity. Additionally, δ13Csuper consistently fell within or near the range 

of previously observed δ13C values for nascent SSATSP in a similar biological experiment (Figure 

3.3). Unlike δ13Csuper, δ13Csub does not exhibit any obvious relationship with seawater biological 

activity levels throughout the bloom and lies well below the typical values observed for nascent 

SSATSP. In the sections below our discussion will focus on the biological and physicochemical 

drivers that give rise to the distinct differences in δ13C and organic composition between SSAsuper 

and SSAsub. 

 

Figure 3.3 Time series of δ13Csuper and δ13Csub displaying their distinctly different values 
throughout the entire experiment. The δ13Csuper falls within or near the range of δ13C values 
previously observed for nascent SSA (gray shaded region),22 and exhibits a large increase after the 
peak in biological activity (chl-a). The δ13Csub is much more negative than the previously observed 
δ13C range and does not seem to be significantly influenced by the biological activity. 
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3.4.3 A Substantial Biological Influence on SSAsuper. 

 Examining the temporal evolution of δ13C for POC and DOC, the two seawater carbon 

pools that contribute to SSAsuper, provides a good starting point to assess the impact of seawater 

biological activity on SSAsuper (Figure 3.4a). The experimental time series of δ13CDOC and δ13CPOC 

provides insight into variations in bulk organic composition associated with the changes in POC 

and DOC concentrations. For δ13CDOC, the only significant change was a decrease following the 

nutrient addition on 8/1, but this is likely because commercial EDTA usually has a more negative 

isotopic value.56 Little variation in δ13CDOC or DOC concentration was observed after the peak in 

primary production (chl-a), indicating the DOC pool was mostly comprised of carbon initially 

present in the Pacific Ocean source seawater or contributed by the nutrient addition. Conversely, 

δ13CPOC was higher (less negative) after phytoplankton growth accelerated on 8/1. This is 

consistent with the augmented biological formation of freshly produced POC with higher δ13C 

values, which often occurs during large blooms when CO2 availability is lower (Figure 3.1a).18,57 

 The δ13Csuper values have been plotted along with δ13CPOC and δ13CDOC in Figure 3.4a to 

compare the organic composition of SSAsuper with the seawater carbon pools. As expected for 

SSAsuper containing a mixture of seawater POC and DOC, δ13Csuper lies in between δ13CPOC and 

δ13CDOC for each collection period. This same trend has been previously observed for δ13CTSP 

measured during two similar phytoplankton bloom experiments (Chapter 2).22 Following the 

approach of Chapter 2, δ13CDOC and δ13CPOC  were used as approximate endmembers for “aged” 

and “fresh” OC in an isotopic mixing model to estimate the contribution of freshly produced OC 

to SSA, FractionFreshOC (Equation 2.1).22 In this study we have done the same for SSAsuper with the 

caveat that “aged” OC refers to the combination of carbon in the initial source seawater and 

contributed by the nutrient addition.  
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Figure 3.4 a) δ13CPOC, δ13CDOC, and δ13Csuper overlaid on the chl-a time series. Importantly, 
δ13Csuper lies between δ13CPOC and δ13CDOC for each collection period suggesting the SSAsuper 
organic composition is similar to a mixture of seawater DOC and POC. b) The inverse relationship 
between bacterial carbon demand (BCD) and FractionFreshOC overlaid on the chl-a time series. For 
both plots, solid lines indicate samples were collected throughout the entire sampling duration, 
while the dashed lines signify that the samples were taken at individual time points.  Horizontal 
error bars indicate the collection period or averaging duration for each sample, with the data point 
placed in the center. 
 

 The biological influence on SSAsuper is immediately apparent from the higher 
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POC1-10 being freshly produced (Section 3.4.1), the POC1-10 concentration in the water column 

only weakly correlated with the FractionFreshOC (Figure 3.2b). The lack of correlation between the 

amount of freshly produced OC in the water column and the proportion in SSAsuper, suggests that 

secondary biological processing of freshly produced organic material may influence the amount 

transferred into SSAsuper. 

 We used bacterial carbon demand (BCD) to assess secondary processing of freshly 

produced organic material. BCD is the sum of bacterial production, the carbon incorporated into 

bacterial biomass, and bacterial respiration, the carbon respired by bacteria back into CO2.44,60 

Direct measurements of bacterial production were used to estimate bacterial respiration via 

Equation 3.1,44 and these two values were summed to obtain the BCD values shown in Figure 3.4b. 

In this experiment, a strong inverse relationship existed between the BCD and the FractionFreshOC 

values (Figure 3.2c, R2 = 0.88). This points to alteration of freshly produced organic material by 

incorporation into bacterial biomass, and especially enhanced remineralization to CO2, as 

important mechanisms that may limit the amount of freshly produced OC transported to the ocean 

surface and transferred into SSA. This bacterial influence on the amount of freshly produced OC 

available to transfer into SSAsuper is supported by two additional observations. First, all three peaks 

in the BCD values, 7/29, 8/2, and 8/6 (Figure 3.4b), were followed by decreases in the POC1-10 

concentrations the next day (Figure 3.1b). Second, the BCD also exhibits an inverse correlation 

with the SSAsuper OC mass percent (Figure 3.2d), consistent with a lower amount of organic 

material transferred into SSAsuper when more OC is being utilized by bacteria in the water column. 

Taken altogether, these findings suggest that transfer of freshly produced organic material into 

SSAsuper is controlled not just by the amount of freshly produced OC formed from primary 

productivity, but also by the bacterial assimilation, transformation, and remineralization rates of 
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this freshly produced OC. This demonstrates the importance of the complete microbial loop in 

controlling the organic composition of SSAsuper and the value of δ13Csuper. 

 
Figure 3.5 TD-GCxGC-EI-ToF-MS chromatograms demonstrating the differing speciation of 
organic material in the a) DOC (<0.2 µm) and b) SSAsub from August 2nd of the SeaSCAPE 
mesocosm experiment. Some examples of confidently identified anthropogenic or terrestrial 
organic compounds have been indicated for both samples and classified as follows: commonly 
reported industrial chemicals (yellow circles), personal care products (pink circles), terrestrial 
biomass burning products (green circles), oils and petrochemicals (white circles), and 
benzothiazoles (black circles). Thus, despite their differing composition, both DOC and SSAsub 
contain anthropogenic organic species, even when the biological growth was highest after the 10% 
inoculation on August 1st. 
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3.4.4 Selective Enrichment of Organics in the SSML and SSAsub 

 In stark contrast to δ13Csuper, the lower δ13Csub values were more negative than typical 

marine, biogenic organic compounds,61 and resemble δ13C values for anthropogenic or terrestrial 

organic compounds.62 Multiple classes of highly surface-active anthropogenic compounds, 

including plasticizers, sunscreen products, and industrial waste,28  were identified in DOC (<0.2 

µm) samples from the initial, Pacific Ocean source seawater31 and persisted in the seawater even 

after inoculation with the biologically-active carboy (Figure 3.5a). This helps explain why 

anthropogenic pollutants were also present in SSAsub during the experiment (Figure 3.5b), 

although the overall organic speciation of SSAsub was patently different than that of the bulk DOC, 

suggesting that the processes controlling organic transfer into SSAsub are selective for certain 

chemical species.63,64 

 Along these lines, Figure 3.6 shows that δ13Csub exhibits a clear correlation with the SSML 

surface tension as measured by atomic force microscopy (AFM). Surface tension measurement by 

AFM is a newly developed technique capable of probing the topmost 0.2-1.5 µm of a liquid 

sample, which differs from the traditional tensiometer technique that measures to a much greater 

depth in the sample (>1000 µm).45 Lower SSML surface tension is generally indicative of higher 

surfactant concentrations, and in this experiment decreased AFM-measured SSML surface tension 

correlated with lower δ13Csub values. Taken as a whole, the correlation between lower AFM-

measured surface tension and lower δ13Csub values may be attributable to elevated anthropogenic 

or terrestrial surfactant concentrations in the topmost ~1 µm of the SSML, which were then 

transferred into SSAsub by bubble bursting. 
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Figure 3.6 δ13Csub plotted with SSML surface tension measurements made by both the AFM and 
tensiometer techniques. Dashed lines indicate the samples were taken at individual time points, 
while solid lines signify that samples were collected throughout the entire sampling duration. 
Horizontal error bars indicate the collection period or averaging duration for each sample, with the 
data point placed in the center. The tensiometer measures to an SSML sample depth greater than 
1000 µm and does not correlate with δ13Csub, but the AFM-measured surface tension, which probes 
only the top 0.2-1.5 µm of the SSML sample, closely correlates with δ13Csub.45 This suggests that 
the organic composition of SSAsub will strongly depend on the surfactants present in the topmost 
~1 µm of the SSML, a thickness similar to the bubble film cap at the ocean surface.65 

	
There were two collection periods (7/29-7/31 and 8/7-8/9) where the δ13Csub values were higher, 

indicative of a smaller anthropogenic influence on SSAsub (Figure 3.6). During this same period, 

surfactant concentrations were lower in the topmost SSML layers (higher AFM-measured surface 

tension), suggesting that depletion of anthropogenic surfactants in the SSML may have driven the 

diminished anthropogenic influence on SSAsub. From this experiment alone it was unclear what 

processes caused the SSML surfactant depletion or whether the same processes were responsible 

for the depletion during both time periods. What does remain clear from our data is the strong 
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association between surfactant concentrations in the topmost 0.2-1.5 µm of the SSML and the 

organic composition of SSAsub (Figure 3.6). Therefore, our understanding of organic transfer into 

SSAsub would benefit from additional research focused on resolving the biological, chemical, and 

physical factors influencing surfactant concentrations at the air-sea interface. This information 

could then be incorporated into modelling and molecular dynamics studies to shed light on the 

competition between surface-active compounds at the air-sea interface that determines the 

selective transfer of organic species into SSAsub. 

 

3.4.5 Insights into Ocean-Aerosol Transfer of Organic Material 

 The isotopic measurements made on SSAsuper and SSAsub in this experiment strongly 

support the purported motifs for organic transfer into both SSA size fractions (Figure 3.7). The 

SSAsuper organic composition was similar to a mixture of bulk DOC and POC, consistent with jet 

drops formed ar2 the base of the bubble producing SSAsuper from bulk seawater. Thus, biologically 

induced changes in bulk seawater chemical composition, will influence the organic composition 

of SSAsuper (Figure 3.2). In this experiment, the impact of seawater biology on SSAsuper was larger 

than expected with freshly produced OC contributing >50% of the total SSAsuper OC amount after 

the chl-a peak. This preferential incorporation of freshly produced OC into SSAsuper occurred even 

though the initial seawater carbon and nutrients comprised the majority of the cumulative bulk 

seawater POC1-10 and DOC (Figure 3.1b), which suggests there may be additional seawater 

processes that enrich freshly produced organic material in SSAsuper. Recently, Marks et al.66 

provided experimental evidence that a combination of fluid dynamics and electrostatic attractions 

during bubble ascension can concentrate biological particulate material at the bubble’s base, 

facilitating transfer into jet drop SSA. Looking forward, further research into the physicochemical 



  94 

mechanisms controlling the transfer of particulate material into SSAsuper will be important to fully 

elucidate how seawater biological activity impacts the organic composition of SSAsuper. 

 
Figure 3.7 Depiction of how the different SSA formation processes influence the organic 
composition of SSAsuper and SSAsub. Supermicron SSA are mostly formed from the base of the 
bubble and contain a large proportion of freshly produced OC. Submicron SSA are primarily 
formed from the bubble film cap, and are thus comprised of organic surfactants present in the 
topmost layers of the ocean surface. 
 
 
 For organic transfer into SSAsub, the observed relationship between AFM-measured SSML 

surface tension and δ13Csub provides experimental evidence that the organic composition of SSAsub 

is highly sensitive to changes in the concentration or speciation of surfactants in the top ~1 µm of 

the SSML. Because the AFM probing depth of 0.2-1.5 µm is comparable to the thickness of a 

bubble’s film at the ocean surface,65 our data is consistent with conventional wisdom that surface-

active organic material present in the top layer of the ocean surface is concentrated on the bubble 

film and entrained in SSAsub when the bubble bursts. Moreover, our experimental findings provide 

support for earlier modelling work by Burrows et al.67 that focused on the top 1 µm of the ocean 

surface when assessing ocean-aerosol organic transfer. Other ocean-aerosol organic transfer 

studies have concentrated on measurements of the entire SSML, typically 50-100 µm 
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thicknesses,68,69 but our results indicate organic compounds located in the top ~1-2% of the SSML 

may be the most relevant for predicting the organic constituents in SSAsub. Therefore, analytical 

techniques capable of probing morphological and compositional changes in the topmost 

nanolayers of the seawater surface, such as Brewster angle microscopy, infrared reflection 

absorption spectroscopy, and sum frequency generation spectroscopy,70 should provide crucial 

insight into biological and chemical changes that will affect the organic composition of SSAsub. 

 

3.5 Supporting Information 

3.5.1 Collection of Field Blank Filters and Calculation of Supermicron SSA OC.  

 Field blank filters were collected every couple of days during the experiment by placing 

filters in the filter holders and attaching the sampling apparatus to the wave channel for 10 seconds 

without turning on the pumps. The filters were collected into plastic petri dishes and stored 

at -12˚C, in the same manner as the actual SSA samples. Separate field blank filters were collected 

for the submicron SSA (SSAsub) filter holder and the total suspended SSA (SSATSP) filter holder 

to account for any potential differences. 

 The field blank filters were analyzed via the same combustion method as the SSA 

samples.22 The averaged OC amount from the field blanks was subtracted from the OC values for 

both SSAsub and SSATSP. The measured SSA d13C values were corrected using the measured OC 

amount and d13C values from the filter field blanks (d13Cblank) to obtain the actual d13C values for 

SSAsub and SSATSP (d13Csub and d13CTSP) according to Equation 2.2. The d13Csub and d13CTSP 

uncertainty was determined from the standard deviation in fblank and d13Cblank measurements by 

using the highest fblank and lightest d13Cblank and the lowest fblank and heaviest d13Cblank to calculate 

the upper and lower d13C bounds, respectively. 
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 The supermicron SSA (SSAsuper) OC amount was calculated by taking the difference 

between the SSAsub and SSATSP carbon amounts. The d13C value for SSAsuper (d13Csuper) was 

calculated analogous to Equation 2.2 by realizing that d13CTSP is a mixture of d13Csub and d13Csuper 

multiplied by their fractional contribution to the total OC amount. The error bars for d13Csuper were 

calculated from the uncertainties in d13Csub and d13CTSP. 

 The SSAsuper OC mass percent was calculated by dividing the SSAsuper OC amount by the 

total SSAsuper mass on the filter. The total SSAsuper mass was determined gravimetrically on a scale 

with a precision of ± 0.001 g. The filters were dried in a silica gel dessicator at 30˚C for at least 12 

hours before being weighed to remove any adsorbed water. We are aware that quartz fiber filters 

are fragile and some filter materials can be removed when attaching or detaching from the filter 

holder setup.71 Therefore, to correct the SSAsuper weights each of the field blank filters was also 

dried and weighed.  The average of the field blank filters was subtracted from each SSAsuper sample 

to obtain the total SSAsuper mass on each day. The uncertainty in the field blank filters was also 

used to calculate the error bars for the SSAsuper OC mass percent (Figure 3.2d). 

 

3.5.2 Averaging of d13CPOC and d13CDOC and Calculation of FractionFreshOC 

 Because most SSA samples were collected for 2 days, when available the three, daily 

seawater d13CPOC and d13CDOC measurements made at the beginning, middle, and end of each SSA 

collection period were averaged to compare with the SSA measurements. If one of the seawater 

OC variables was not measured on a specific day, the other two measurements were used to 

calculate the average value. The exception to this was the SSA sample from 7/31-8/1 that was only 

collected for one day. A POC sample was collected before the addition of the outdoor carboy on 
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8/1, but no DOC sample was available for measurement. Thus, no DOC data point is included for 

comparison with this SSA sample. 

 The d13CPOC and d13CDOC values averaged over the SSA collection periods are shown in 

Figure 3.4a with the data point placed at the middle of the averaging period. The error bars are the 

standard error of the averaged d13CPOC and d13CDOC values. These averaged d13CPOC and d13CDOC 

values were also used to calculate the FractionFreshOC values via Equation 2.1.22 Because there was 

no DOC measurement before the carboy addition on 8/1, no FractionFreshOC value was calculated 

for the 7/31-8/1 SSA sample. 
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Chapter 4: Biologically Induced Changes in the Partitioning of Submicron 
Particulates Between Bulk Seawater and the Sea Surface Microlayer 
 

4.1 Abstract 

 Studies over the last two decades have shown that submicron particulates (SMPs) can be 

transferred from the seawater into sea spray aerosol (SSA), potentially impacting SSA cloud 

seeding ability. This work reports the first concurrent bulk and sea surface microlayer (SSML) 

SMP (0.4-1.0 µm) measurements, made during two mesocosm phytoplankton blooms in a region 

devoid of active wave breaking and bubble formation, providing insight into how biological and 

physicochemical processes influence seawater SMP distributions. Modal analyses of the SMP size 

distributions revealed contributions from multiple, biologically-related particulate populations that 

were controlled by the microbial loop. With negligible bubble scavenging occurring, SSML 

enrichment of SMPs remained low throughout both experiments, suggesting this process is vital 

for SMP enrichment in the SSML. Because many biological SMPs can induce ice formation in 

SSA, our findings are discussed in the context of SMP transfer into SSA and its potential 

importance for SSA ice nucleation.   

 

4.2 Introduction 

 Seawater submicron particulates (SMPs) are a vital component of oceanic biogeochemical 

processes, contributing to carbon and nutrient cycling, trophic interactions, and attenuation of 

sunlight.1,2 Research over the last two decades has additionally revealed that SMPs can be 

entrained in sea spray aerosol (SSA).3–5 The compositional changes that arise from SMP 

entrainment in SSA can have climatically important impacts on its hygroscopicity, cloud 
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condensation nuclei activity, and ability to serve as ice-nucleating particulates (INPs) in the 

atmosphere.6–8  

 The potential contribution of SMPs to seawater ice-nucleating entities (INEs) is especially 

intriguing, as only about 1 in every 105 SSA particulates serve as INPs.9 Previous research has 

shown that seawater particulates (>0.2 µm) can comprise over 80% of bulk seawater INEs.10 

Micro-Raman spectroscopy on individual SSA particulates collected from this study revealed that 

INPs with diameters from 0.56-1.0 µm primarily contained siliceous phytoplankton material, 

providing evidence that biologically related SMPs contribute to SSA INPs. This size range is 

particularly interesting because multiple studies have reported elevated 0.4-0.7 µm SMPs in 

biologically active bulk seawater.11–13 These SMPs have been correlated with chlorophyll-a (chl-

a), bacteria, and heterotrophic nanoflagellate concentrations,11 but the primary biological 

parameter driving their formation has not been identified. Because the 0.4-0.7 µm SMP size mode 

is associated with microbial activity, it will hereafter be referred to as the “microbial mode”. 

Monitoring evolution of the microbial mode throughout an entire phytoplankton bloom would be 

beneficial to identify the biological contributors to the microbial mode. A number of studies have 

found that seawater biological INEs, including diatoms, heterotrophic bacteria, and their cell 

fragments, constitute a significant portion of SSA INPs.10,14,15 Therefore, elucidating the biological 

components comprising microbial mode SMPs may help explain elevated seawater INE 

concentrations during phytoplankton blooms,10,16 providing insight into the higher concentrations 

of SSA INPs produced from biologically productive seawater.9,16,17  

 Transfer of biological INEs into SSA also depends on physical processes such as bubble 

scavenging of organic material and the bubble bursting mechanisms that form SSA. SSA is 

produced both from the bubble film cap when it bursts at the air-sea interface and from the bubble’s 
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base during subsequent collapse of the bubble cavity.18 It follows that particulate transfer into SSA 

will be influenced by particulate concentrations in the SSML, the top 1-1000 µm of the ocean 

surface often enriched in biological components and organic material,19–21 as well as particulate 

concentrations in the underlying bulk seawater. Therefore, assessing ocean-aerosol transfer of 

microbial mode SMPs necessitates SMP measurements in both the bulk and SSML; however, 

simultaneous size measurements of bulk and SSML particulates have primarily focused on 

supermicron particulates.22 

 This work reports the first concurrent particulate size distribution measurements for 0.4-

1.0 µm SMPs in the bulk seawater and SSML made throughout two phytoplankton bloom 

mesocosm experiments to elucidate how biological activity influences the distribution and 

concentration of SMPs between the bulk seawater and SSML. The measurements were made in a 

region far downstream from active wave breaking and bubble formation, providing insight on SMP 

partitioning between the bulk and SSML when bubble scavenging was minimal. Our results are 

discussed in the context of ocean-aerosol SMP transfer and the potential contribution of SMPs to 

SSA ice nucleation.  

 
4.3 Experimental Methods 

4.3.1 The Wave Channel Mesocosm Experiments 

 Two mesocosm experiments were conducted in an ocean-atmosphere wave channel at the 

SIO Hydraulics Laboratory as part of the 2019 Sea Spray Chemistry and Particulate Evolution 

(SeaSCAPE) study. A wave channel depiction and detailed description of experimental and 

biological parameters can be found in Sauer et al.23 For both experiments, the 11,800 L wave 

channel was filled with natural, filtered seawater (50 µm Nitex mesh) collected from the coastal 

Pacific Ocean. Experiment 1 achieved a full phytoplankton bloom growth and decay cycle from 
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July 1st-July 10th, after the addition of f/2 diatom growth nutrients on July 4th.24 For Experiment 2, 

from July 12th-July 19th, a more dilute f/20 nutrient mixture was added, and little phytoplankton 

growth was observed over the course of the experiment (see Figure 4.6a). For completeness, we 

report SMP measurements from Experiment 2 (Figure 4.1, Figure 4.6b), however because a 

phytoplankton bloom did not occur, most discussion about Experiment 2 has been placed in the 

Supporting Information at the end of this chapter (see Section 4.6.1).  

 

4.3.2 Seawater Sampling and Biological Measurements 

 During the mesocosm experiments, a homemade, continuous flow system provided a 

continuous time series of chl-a concentration in the wave channel to monitor phytoplankton 

growth. This system employed a SeaBird Scientific ECO-Triplet-BBFL2 sensor to measure chl-a 

using fluorescence at excitation/emission wavelengths of 470/695 nm. The in situ chl-a values 

were calibrated using measurements of extracted chl-a taken from the bulk seawater and analyzed 

fluorometrically according to CALCOFI methods.25 

 All seawater measurements, including in situ measurement of chl-a, were made at the back 

of the wave channel in a designated seawater sampling section.23 Once daily in the seawater 

sampling section, 16 L of bulk seawater was siphoned from the wave channel and 200 mL of 

SSML was collected using the glass plate method.26,27 Aliquots were taken from these samples for 

bacteria and virus enumeration, TEP quantification, and particulate size analysis. 

 For bacteria and virus quantification, bulk seawater samples were prepared according to 

standard protocols.28–30 All samples were preserved with 5% glutaraldehyde, flash frozen with 

liquid nitrogen, and stored at -80˚C.31 Bacteria samples were diluted 10-fold in 1x TE buffer at pH 

8 and stained for 10 minutes with SYBR Green I in the dark at room temperature.28 Virus samples 
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were diluted 50-fold in 1x TE buffer at pH 8 and stained for 10 minutes with SYBR Green I at 

80˚C in the dark.30 Finally, enumeration of bacteria and viruses was carried out using a BD 

FACSCanto IITM flow cytometer. 

 Transparent exopolymer particulates (TEP) were measured following the colorimetric 

method as described by Engel.32 Briefly, SSML samples were filtered onto 0.4 µm polycarbonate 

filters (Pall Corp.) after storage at -20°C, and stained with Alcian Blue (AB, 0.02%). AB was then 

released with 80% sulfuric acid over a 4 hour incubation at 4°C and absorbance was measured at 

787 nm. TEP concentrations were determined following a calibration with Xanthan Gum standards 

and blank controls with pure water and filtered seawater.  

 The seawater sampling section was located about 20 meters downstream from the active 

wave breaking region. The wave channel surface water flow is about 1 cm per minute, so surface 

waters would take around 30 minutes to transit from the wave breaking region to the seawater 

sampling section. Because of the long time duration between wave breaking and seawater sample 

collection, we are interpreting the particulate measurements to be reflective of seawater conditions 

where the effects of active wave breaking and bubble scavenging are negligible.   

 
4.3.3 Particulate Size Measurements and Analysis 

4.3.3.1 Multispectral Advanced Nanoparticulate Tracking Analysis (MANTA) 

 Particulates were sized using a MANTA ViewSizer® 3000 (Horiba Scientific). The 

MANTA Viewsizer® 3000 uses three lasers, blue (450 nm), green (532 nm), and red (635 nm), to 

illuminate particulates in a sample of seawater.33 Light scattered by particulates in a 2.5 µL 

viewfield of the sample is projected on a charged-coupled device (CCD) array and spectrally 

resolved to provide an image for each spectral band. A sequence of these images is recorded and 

saved to the computer as a video file. For these experiments, 100 videos were taken for each sample 
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to ensure that enough particulates were identified to obtain an accurate size distribution. Analysis 

software identifies each individual particulate in an image and tracks its Brownian motion through 

the seawater medium in subsequent images. For each individual particulate, the mean square 

displacement is determined from the sequence of images and used to calculate the diffusion 

coefficient (D). Under the assumption that particulates are spherical, the hydrodynamic diameter 

(dh) is then calculated from the measured diffusion coefficient using the Stokes-Einstein equation 

(Equation 4.1):34  

dh= kBT
3πηD

           (Equation 4.1) 

Here kB is the Boltzmann constant, T is seawater temperature, and η  is seawater viscosity. 

Although the MANTA specifically measures hydrodynamic diameters, this work reports 

equivalent spherical diameters (ESD). In addition to assuming spherical particulates, ESD assumes 

particulates exhibit identical hydrodynamic, optical, electrical, and aerodynamic properties, 

allowing for comparison between different sizing techniques.35  

 In our experiments, the MANTA reported particulates with dh from 0.01-1.0 µm. However, 

detection of the smallest particulates strongly depends on the refractive index contrast between the 

particulate and seawater medium, which was not measured. Therefore, we focused this study on 

seawater particulate sizes ranging from 0.4-1.0 µm. The particulate sizes reported by the software 

were organized into 0.1 µm bin widths starting from a bin midpoint diameter of 0.405 µm up to 

0.995 µm. 

 

4.3.3.2 Particulate Size Distributions 

 The role of particulates in surface ocean processes often depends on their concentration 

and size distribution.36 The particulate size distribution (PSD), represented by N′(d) in Equation 
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4.2a, is best described as the average number of particulates per unit volume of seawater, N(d), in 

a given diameter range (∆d).37 

N'(d)	 = 	N(d)
∆d

                                (Equation 4.2a) 

N'(d)	 = 	No(d)ξ                   (Equation 4.2b) 

Frequently a portion of seawater PSDs, or the entire distribution, follow a general power law 

distribution of the form in Equation 4.2b, where No is the differential number concentration, and 𝜉 

represents how quickly particulate concentrations decrease with increasing diameter.37 In a loglog 

plot of d vs. 𝑁′(𝑑), 𝜉 is equal to the PSD slope (see Section 4.4.1 below). 

 
4.3.3.3 Modal Analyses of PSDs 

 Lognormal modal analyses of the PSDs were performed in MATLAB software using 

maximum likelihood estimates (MLE) for parameters of a normal distribution. Although 

particulate sizes overall do not follow a lognormal distribution, lognormal analysis has been 

previously used to identify modal contributions to the total PSD.38,39 This analysis is motivated by 

the fact that many particulate populations such as phytoplankton, bacteria, nonliving organic 

matter, and mineral particulates follow lognormal distributions in the ocean.39,40 We recognize 

there are many possible ways to fit modal analyses to our PSD data. Because our goal was to assess 

particulate populations contributing to the microbial mode, we chose to decompose each PSD into 

four lognormal modes with constraints placed on the means and standard deviations. Four modes 

were sufficient to accurately reproduce the measured PSDs while still resolving particulate 

populations.  
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4.4 Results and Discussion 

4.4.1 Seawater Submicron PSDs 

 Comparing our PSD measurements with previous oceanic SMP studies is difficult because 

the oceanic PSD slopes vary widely from -3 to -10 (Figure 4.1).11,41–45 The cause of this variability 

is uncertain, but may result from analytical limitations that restrict most measurements to only a 

portion of SMP sizes.36 To provide better context for our measurements, the previously measured 

oceanic PSDs shown in Figure 1 have been averaged at 0.05 µm intervals over the 0.05-1.0 µm 

range and plotted as open circles along with gray dashed lines for the 95% confidence interval. 

The averaged values are well represented by a power law function (solid black line, R2 = 0.94) 

with a PSD slope of -3.72, similar to the value observed for combined submicron and supermicron 

marine detritus (-3.36),40 and within the commonly reported -3 to -4 range for supermicron PSDs. 

37,46 Thus, despite PSD slope inconsistency over segments of the SMP size range, a power law 

distribution with a PSD slope similar to supermicron particulates likely provides a good 

approximation for oceanic SMP concentrations when assessing the full 0.05-1.0 µm range. 

 The bulk and SSML PSD measurements for Experiments 1 and 2, averaged using each day 

of both experiments, are overlaid on the bulk seawater oceanic PSDs in Figure 4.1. All four PSDs 

fall within the 95% confidence interval calculated from the averaged oceanic values, and are on 

the same order of magnitude as previous Pacific Ocean measurements in coastal San Diego (solid 

maroon lines).41 The significant overlap between bulk and SSML PSDs implies little SMP 

enrichment in the SSML. Additionally, the microbial mode between 0.4-0.7 µm, where the PSD 

deviates from the typical power law decrease, is clearly visible (and labeled) in Figure 4.1 for all 

four PSDs in this study as well as the averaged oceanic values. 
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Figure 4.1 Bulk and SSML PSDs from both mesocosm experiments in this study, along with 
previously reported bulk seawater oceanic PSDs. Solid lines represent PSDs measured for coastal 
San Diego seawater, while dotted lines represent measurements in other oceanic regions. All four 
PSDs from this study fell within the 95% confidence interval (gray dashed lines) calculated for the 
averaged oceanic values. 
 
 

4.4.2 Evolution of Biology and Particulate Concentrations During Experiment 1 

 Experiment 1 followed the typical bloom progression with phytoplankton growth (chl-a) 

increasing after addition of the diatom growth nutrients. Phytoplankton growth was closely 

followed by elevated bacteria concentrations, and then higher virus concentrations in response to 

the bacteria (Figure 4.2a).47,48 To evaluate the role of biology on SMP concentrations, the 

experiment was separated into “pre-bloom”, “growth”, and “decay” phases (labeled in Figure 

4.2a). 
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Figure 4.2 a) Development of chl-a, bacteria, and virus concentrations throughout Experiment 1 
(asterisk denotes nutrient addition). b) 0.4-1.0 µm SMP concentrations for bulk (left bars) and 
SSML (right bars) in 0.15 µm size bins (stacked bars) with the full bar height signifying the total 
SMP concentration. Both plots are divided into pre-bloom, bloom growth, and bloom decay phases 
(solid lines) based on the beginning of exponential phytoplankton growth (chl-a), and chl-a 
decaying to half the peak value. 
 

 Daily bulk and SSML SMP concentrations are shown as stacked bars in Figure 4.2b. Both 

bulk and SSML SMP concentrations were generally higher during the growth and decay phases 

compared to the pre-bloom phase. To visualize how different SMP sizes are influenced by the 

seawater biological activity, the bars in Figure 4.2b were organized into four size regimes: 0.4-

0.55 µm (blue), 0.55-0.7 µm (red), 0.7-0.85 µm (olive), and 0.85-1.0 µm (purple). Daily bulk SMP 

concentrations for all four size fractions moderately to strongly correlated with daily 

concentrations of bulk seawater bacteria and chl-a, having Pearson correlation coefficients (r) of 

0.64-0.76 and 0.65-0.83, respectively (Table 4.1). This suggests that bacterial cells contributed to 
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SMPs of all measured sizes, including the microbial mode. Because most phytoplankton are larger 

than 1 µm, the correlation between SMPs and chl-a could be due to direct release of 0.4-1.0 µm 

algal exudates or aggregation of smaller particulates generated by primary productivity. Also 

relevant to the microbial mode, virus concentrations showed a strong correlation (r = 0.83) with 

0.4-0.55 µm particulates (Table 4.1), suggesting viral lysis of organisms may produce microbial 

mode SMPs during bloom decay. Overall, the correlations with chl-a, bacteria, and viruses suggest 

microbial mode formation is controlled by the entire microbial loop with different particulate 

populations contributing during each bloom phase. To better assess changes in SMP populations 

throughout the bloom, modal analyses were performed on the pre-bloom, growth, and decay PSDs. 

Our PSD measurements do not resolve the chemical identity of SMPs, but potential contributors 

are discussed in the section below.  

 

Table 4.1 Pearson correlation coefficients for Experiment 1 bulk SMPs and biological variables  
Experiment	1	 0.4-0.55	

µm	Bulk	
0.55-0.7	
µm	Bulk	

0.7-0.85	
µm	Bulk	

0.85-1.0	
µm	Bulk	 Chl-a	 Bacteria	 Virus	

0.4-0.55	µm	
Bulk	 1.00	 0.89a	 0.77	 0.74	 0.65	 0.64	 0.83	

0.55-0.7	µm	
Bulk	 --	 1.00	 0.97	 0.95	 0.75	 0.76	 0.58	

0.7-0.85	µm	
Bulk	 --	 --	 1.00	 0.99	 0.83	 0.74	 0.42	

0.85-1.0	µm	
Bulk	 --	 --	 --	 1.00	 0.80	 0.68	 0.38	

Chl-a	 --	 --	 --	 --	 1.00	 0.61	 0.50	

Bacteria	 --	 --	 --	 --	 --	 1.00	 0.41	

Virus	 --	 --	 --	 --	 --	 --	 1.00	
a Coefficients (lower)higher than (-)0.7 are listed in bold and considered strong correlations.49 
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4.4.3 Potential SMP Populations Contributing to the Microbial Mode 

 PSD modal analysis reveals the strong resemblance between bulk and SSML PSDs 

throughout each bloom phase (Figure 4.3), demonstrating that similar SMP populations are 

contributing to the microbial mode in the SSML. Specifically, transitioning from the pre-bloom to 

growth phase, the bulk and SSML PSDs both display large increases in the particulate mode 

centered around 0.6-0.7 µm (red). The 0.6-0.7 µm particulate mode has been observed in oceanic 

measurements of bulk seawater SMPs,11–13 and is patently visible as the microbial mode labeled 

in Figure 4.1. As mentioned above, bacteria cells are likely contributors to this particulate mode, 

but sonication experiments have shown that a significant proportion of microbial mode particulates 

are nonliving organic material.11,13 Isao et al.13 observed that many microbial mode SMPs were 

hydrated, flexible organic material that aggregated to form larger particulates. Their observations 

are consistent with submicron-sized nanogels, such as transparent exopolymer particulates (TEP), 

which are formed through self-assembly and aggregation of dissolved (<0.2 µm) exopolymeric 

secretions (EPS) from marine phytoplankton and bacteria.50,51 This is substantiated by a tentative, 

but very strong correlation between 0.55-0.7 µm SSML particulates and SSML TEP (>0.4 µm) 

concentrations in Experiment 1 (Figure 4.4). Additionally, aggregates of membrane vesicles 

released by heterotrophic bacteria and cyanobacteria have also been observed in the bulk seawater 

and SSML.52,53 Both of these SMP sources are consistent with the correlation of chl-a and bacteria 

concentrations to 0.55-0.7 µm bulk SMPs. 



  118 

  
Figure 4.3 A four-component modal analysis of bulk and SSML PSDs for the pre-bloom (a,b), 
growth (c,d), and decay (e,f) phases. The black line is a five-point, centered moving average of the 
PSDs from each bloom phase. The four modes comprising each PSD are shown in blue, red, olive, 
and purple with a dark blue line representing the composite of these modes. 
 

 
 The 0.4-0.55 µm SMP concentrations increased during bloom decay and senescence 

(Figure 4.3e,f), and closely correlated with elevated virus concentrations. Viral lysis of large 

marine bacteria can produce smaller particulates with diameters between 0.4-0.7 µm,54 which may 

represent a source of 0.4-0.55 µm SMPs during bloom decay. Additionally, bacterial egestion by 

heterotrophic nanoflagellates, which were not measured in this experiment but generally increase 

following bacteria growth (Nagata & Kirchman, 1992),55 is known to produce 0.4-0.6 µm 
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picopellets that may contribute to this mode.56 These observations indicate that further microbial 

processing of SMPs initially formed by primary production and bacterial growth may alter the 

identity of particulates comprising the microbial mode. 

 

Figure 4.4 Plot of the SSML TEP (>0.4 µm) concentration, reported in micrograms of Xanthan 
Gum equivalents mL-1, versus the concentration of 0.55-0.7 µm SSML particulates for samples 
measured on 7/6, 7/7, and 7/9. For these measurements there is a very strong correlation between 
the amount of TEP in the SSML and the concentration of 0.55-0.7 µm microbial mode particulates. 
The largest TEP concentration occurs on 7/7 the day with peak chl-a and bacteria concentrations. 
 

4.4.4 SMP Partitioning in Seawater and Importance for Ocean-Aerosol Transfer 

Stramski et al.22 recently reported the first SSML particulate enrichment factors (EFs, 

Equation 4.3), calculated from simultaneous, oceanic bulk and SSML PSD measurements on 

0.8-50 µm particulates. Their measurements were made in the presence of breaking waves and 

revealed size dependent SSML particulate enrichment with larger particulates (>10 µm) having 

the highest EFs, and enrichment generally decreasing as particulate diameter decreased. For 
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comparison with our SMP measurements, Figure 4.5 plots a portion of their measured EFs for 

three separate days in the Santa Barbara Channel (gray lines).  

Particulate Enrichment Factor (EF) = # of SSML Particulates
# of Bulk Particulates

	     (Equation 4.3) 

Our study extends the measured SMP EF range to 0.4 µm and separates the EFs from both 

experiments into their biological phases (Figure 4.5). Both pre-bloom phases displayed only slight 

SMP enrichment (1.0-1.4), at the low end of 0.8-1.0 µm EF measurements from the Santa Barbara 

Channel (1.2-2.5, Figure 4.5). With the exception of one data point, this slight enrichment 

disappeared during the growth and decay phases, and no SMP enrichment was observed (EF≤1.0). 

The underlying mechanisms causing lower SMP EFs during the growth and decay phases are 

uncertain, though one possibility is that the elevated concentrations of biological and organic 

material in the SSML led to higher particulate aggregation rates.57,58 Faster particulate aggregation 

could result in a larger proportion of supermicron SSML particulates outside our measurement 

range. 

Overall, the measured EFs (0.7-1.4) show SMP enrichment is slight to nonexistent in this 

study, consistent with a negligible impact from wave action and bubble formation. Bubble 

adsorption is a critical process for transporting particulates to the SSML,59,60 and can lead to 5-

fold increases in SSML enrichment of biological and organic particulates.61 Furthermore, Walls & 

Bird62 have found that EF values of yeast cells adsorbed to the bubble film surface increased four-

fold, from 5 to 20, as water drained off the film before bursting. Their observations align particulate 

enrichment with previously observed EFs of 10-22 for bacteria in SSA.20,63 Thus, the lack of 

enrichment observed in our study suggests future measurements in wave breaking regimes will be 

crucial to determine how bubble scavenging and bursting processes impact SMP enrichment in the 

SSML and transfer into SSA. 
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Figure 4.5 SMP enrichment factors from 0.4-1.0 µm in 0.05 µm size bins separated into bloom 
phases for both experiments. Included for comparison are particulate EFs measured in the Santa 
Barbara Channel in the presence of breaking waves (gray lines).22 
 

4.5 Conclusions and Implications for SMP Entrainment in SSA 

 Herein, we report the first concurrent particulate size distribution measurements of 0.4-1.0 

µm SMPs in the bulk seawater and SSML made over the course of two mesocosm experiments. In 

Experiment 1, which featured a complete phytoplankton bloom cycle, bulk and SSML SMP 

concentrations were generally higher during the growth and decay phases compared to the pre-

bloom phase. This was primarily due to an increase in 0.4-0.7 µm microbial mode SMPs (Figure 

4.2b), with potential biologically-produced particulates in this size range including bacteria cells, 

algal exudates, nanogels, and vesicle aggregates, among others.52,64 PSD modal analyses further 

revealed that the particulate populations contributing to the microbial mode depend on the bloom 

0.4 0.5 0.6 0.7 0.8 0.9 1 2 3 4 5 6 7 8 9 10

Particulate Equivalent Spherical Diameter (µm)

0

0.5

1

1.5

2

2.5

3

3.5
Pa

rt
ic

ul
at

e E
nr

ic
hm

en
t F

ac
to

r
Stramski Sep 20 '08
Stramski Sep 21 '08
Stramski Sep 22 '08
Exp1 Pre-bloom
Exp1 Growth
Exp1 Decay
Exp2 Pre-bloom



  122 

phase (Figure 4.3). During the growth phase, 0.55-0.7 µm SMPs increased in conjunction with 

maximum phytoplankton (chl-a) and bacterial abundance. The decay phase was distinguished by 

increased 0.4-0.55 µm SMPs and virus concentrations, potentially due to cellular debris from viral 

lysis or grazing of phytoplankton and bacteria during bloom senescence.48 

 Biologically induced changes in SMP concentrations and distributions may affect 

particulate entrainment in SSA, which is especially important for SMPs that possess ice nucleating 

ability. Similar to the SMP concentrations, higher seawater INE concentrations have been reported 

in biologically-active seawater.10,16 Moreover, Micro-Raman spectroscopy has demonstrated that 

biologically-produced SMPs contribute to SSA INPs, and many of the likely microbial mode 

components have been identified as seawater particulate INEs including heterotrophic bacteria, 

diatom cell fragments, and potentially nanogels.10,14,65–67 Recent research has shown that SSA INP 

concentrations scale with the total aerosol volume.16 Because SSA formed from the bubble’s base 

comprises the majority of SSA volume,16,68 the increased bulk SMP concentrations resulting from 

seawater biological activity may increase the amount of SMP INEs that are transferred into SSA. 

This may help explain the established connection between elevated seawater biological activity 

and higher SSA INP concentrations.9,16 

In summary, because seawater particulate concentrations increase with decreasing 

diameter (Figure 4.1), SMP INEs may constitute a significant portion of particulate INEs 

transferred into SSA. Therefore, the increased biological production of SMPs in our experiments, 

represents one factor that may contribute to higher INE entrainment in SSA during phytoplankton 

blooms.9,10,16 Entrainment of submicron INEs in SSA may be further augmented in wave breaking 

regimes where bubble scavenging and bursting processes can enhance SMP enrichment in the 

SSML and transfer into SSA. To assess the contribution of SMPs to SSA INPs, we suggest future 
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experiments on submicron and supermicron SSA INPs that combine size-segregated seawater INE 

measurements with bulk and SSML PSD measurements. The knowledge gained from this further 

analysis will help inform climate and weather models working to assess the global radiative 

balance and precipitation patterns. 

 
4.6 Supporting Information 

4.6.1 Microbial Activity during Experiment 2 

Very little phytoplankton (chl-a) growth was observed in Experiment 2. Throughout the 

entire experiment chl-a values remained similar to the Experiment 1 pre-bloom values. Despite the 

lack of an exponential phytoplankton growth or decay phase, we include a brief description of 

Experiment 2 here to demonstrate the importance of the complete microbial loop on microbial 

mode growth. At the beginning of the Experiment 2, the bacteria and virus concentrations 

increased, but bacteria concentrations only correlated with 0.4-0.55 µm particulate concentrations 

(r = 0.80) and viruses did not correlate with any of the SMP concentrations (Table 4.2). The small 

bacteria sizes observed in Experiment 2 are likely due to the lack of significant primary 

productivity, an important food source for bacteria proliferation.69 With bacteria sizes in the 0.4-

0.55 µm range, it follows that viral lysis likely produced particulates below 0.4 µm.54 These 

particulates would be outside our measured size range, explaining the lack of correlation between 

microbial mode SMPs and virus concentrations in Experiment 2. We point out these observations 

from Experiment 2 to illustrate that growth of microbial mode SMPs is dependent on the 

interactions between multiple components of the microbial loop: phytoplankton, bacteria, and 

viruses.48 
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Figure 4.6 a) Development of chl-a, bacteria, and virus concentrations throughout Experiment 2. 
In Experiment 2, the biological progression is different from Experiment 1 with bacteria and virus 
concentrations increasing before algae growth nutrients were added (asterisk). b) 0.4-1.0 µm SMP 
concentrations for the bulk (left bars) and SSML (right bars) in Experiment 2 with stacked bars 
displaying SMP concentrations for equally spaced 0.15 µm size bins. Experiment 2 lacked 
exponential phytoplankton growth and decay periods; only exhibiting a pre-bloom phase with 
similar chl-a concentrations to the Experiment 1 pre-bloom phase (Figure 4.2a). 
 
 
Table 4.2 Pearson correlation coefficients for Experiment 2 bulk SMPs and biological variables  

Experiment	2	 0.4-0.55	
µm	Bulk	

0.55-0.7	
µm	Bulk	

0.7-0.85	
µm	Bulk	

0.85-1.0	
µm	Bulk	 Chl-a	 Bacteria	 Virus	

0.4-0.55	µm	Bulk	 1.00	 0.50	 0.18	 0.21	 -0.66	 0.83a	 0.65	

0.55-0.7	µm	Bulk	 --	 1.00	 0.87	 0.83	 -0.57	 0.37	 0.53	

0.7-0.85	µm	Bulk	 --	 --	 1.00	 0.98	 -0.23	 0.09	 0.22	

0.85-1.0	µm	Bulk	 --	 --	 --	 1.00	 -0.24	 0.12	 0.23	

Chl-a	 --	 --	 --	 --	 1.00	 -0.79	 -0.98	

Bacteria	 --	 --	 --	 --	 --	 1.00	 0.85	

Virus	 --	 --	 --	 --	 --	 --	 1.00	
a Coefficients (lower)higher than (-)0.7 are listed in bold and considered strong correlations.49 
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Chapter 5: Summary and Future Directions 

5.1 Research Impacts on Marine Aerosol Source Apportionment and Climate 

 This dissertation research has focused on elucidating the seawater biological and 

physicochemical processes that drive changes in the organic composition of nascent SSA. Much 

of this work has been interpreted through the lens of biologically induced or size-dependent 

differences in the carbon isotopic composition of SSA, establishing a basis from which to 

determine the most suitable δ13C values for marine-derived aerosols. The distinct δ13C values for 

SSAsuper and SSAsub observed in this work, indicative of their dissimilar organic composition, 

demonstrate that SSAsuper and SSAsub should be considered separately when assessing their 

contributions to marine aerosols and climate. Continued advancements in marine aerosol source 

apportionment and SSA-climate interactions will require a better understanding of how 

atmospheric aging changes the composition and δ13C of marine-derived aerosols, including 

formation of secondary marine aerosol (Figure 5.1). Below, we will describe how our findings can 

inform this future research to improve our understanding of SSA’s contribution to the marine 

environment and our climate system. 
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Figure 5.1 An illustration of the different aerosol types contributing to submicron and supermicron 
marine aerosols. Also included are the oceanic and atmospheric processes that influence the δ13C 
values of these aerosols with darker colors to indicate δ13C increases and lighter colors to indicate 
δ13C decreases. Our study focused on one aspect of this environmental system by elucidating the 
seawater biological and chemical processes that result in higher δ13C values for SSAsuper and 
comparatively lower δ13C values for SSAsub. Future work remains to understand how the δ13C 
value of nascent SSA will be impacted by photochemical aging, although studies on organic 
aerosols indicate that δ13C will likely increase.1–3 Additionally, more work should be aimed at 
constraining δ13C changes during the formation and atmospheric transport of secondary marine 
aerosol as little attention has been given to this topic thus far. 

 

5.2 Supermicron Marine Aerosols 

 The large effect of seawater biological activity on δ13Csuper prevents the application of a 

uniform δ13Csuper value across all oceanic regimes (Figure 3.3). Instead, because δ13Csuper 

consistently remained between δ13CPOC and δ13CDOC, complementary δ13C measurements of bulk 

seawater POC and DOC during field studies should provide good constraints on the probable 
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values for nascent δ13Csuper, and also nascent δ13CTSP.4 Before employing this δ13Csuper value in 

source apportionment studies, researchers must also account for potential δ13C changes that occur 

during atmospheric transport. Photochemical processing of aerosol organics often leads to δ13C 

increases,1,2 so the actual δ13Csuper value for photochemically-aged SSAsuper may indeed be less 

negative than the nascent δ13Csuper value. To date, research on δ13C changes in marine aerosols 

during atmospheric transport has been limited to individual compounds, so future research 

regarding δ13C changes for the totality of primary SSA organics would be beneficial to determine 

the most appropriate δ13CSSA values to use for marine aerosols collected from aged air masses. 

 Biologically induced changes in the organic composition of SSAsuper over the course of a 

phytoplankton bloom may also have a substantial impact on climate and precipitation. Multiple 

studies have observed higher SSA ice nucleating particle (INP) concentrations originating from 

biologically active seawater.5–7 Additionally, a recently study found that a majority of SSA INPs 

are supermicron particles,8 and inferred that the ice nucleating entities (INEs) were likely 

biological material entrained in jet drop SSAsuper particles.8 This is relevant to the increased 

FractionFreshOC values observed in SSAsuper after the phytoplankton bloom peak in our experiment 

(Chapter 3), because many of the biological components that likely constituted freshly produced 

OC have also been identified as INEs (e.g. diatoms, bacteria, and their exudates/detritus).9–11 This 

may also include the biologically produced submicron particulates investigated in Chapter 4, 

which increased during phytoplankton growth and senescence. Taken altogether, the augmented 

transfer of freshly produced OC into SSAsuper during our phytoplankton bloom may help explain 

the higher SSA INP concentrations that have been observed during periods of elevated seawater 

biological activity.5–9 To better assess a potential link between freshly produced OC and SSA INP 

concentrations, a continued focus should be placed on characterizing the chemical constituents 
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comprising INEs in the seawater and SSA, including changes in INE chemical composition during 

phytoplankton blooms. Ascertaining the relationship between seawater biological activity and 

SSA INP concentrations would be widely beneficial to modeling predictions of ice cloud 

formation, radiative balance, and precipitation patterns. 

 

5.3 Submicron Marine Aerosols 

 Studies focusing on submicron marine aerosols need to consider that the SSAsub organic 

composition, is highly sensitive to the surface-active organic species residing at the air-sea 

interface. Even in nonpolluted seawater this may lead to lower values for δ13Csub, as biogenic 

surfactants (e.g. lipids)12,13 often have more negative δ13C values than the bulk organic 

material.14,15 For measurements in coastal environments, such as this study, increased 

concentrations of anthropogenic or terrestrial surfactants in the seawater may additionally 

contribute to lower δ13Csub values. Many marine aerosol source apportionment studies use 

elemental carbon concentrations to identify continental air masses under the assumption that 

marine anthropogenic carbon originates from primary aerosol emissions on land.16–18 However, 

this method may not encompass all continental influences to marine aerosols because our results 

indicate that anthropogenic and terrestrial organic compounds present in the seawater can be 

transferred into nascent SSA. Modelling studies have estimated that offshore advection of SSAsub 

produced in the surf zone can contribute >50% of the total SSA population a few meters above the 

ocean surface even 30-40 km offshore.19,20 This means that near-shore or coastal marine aerosol 

measurements need to take into account spatial and temporal variability in human activities or 

weather events that could lead to elevated concentrations of nonmarine-derived surfactants in 

coastal seawater,21 as these changes could have a significant impact on the value of δ13Csub. 
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Figure 5.2 The proportional contribution of SSAsub carbon (red) and SSAsuper carbon (blue) to the 
total OC amount for each SSA sampling period. SSAsuper contributed >40% of the OC in each 
sampling period and contributed >75% of the OC in 5 of the 7 SSA samples.  

 

 In addition to considering the organic composition of SSAsub, submicron marine aerosol 

studies must also account for carbon contributions from secondary marine aerosol (SMA). Our 

size-segregated OC measurements on pure, nascent SSA indicate the majority of OC usually 

resides in SSAsuper (Figure 5.2). Thus, field observations showing larger OC contributions by 

submicron marine aerosols may be due to formation of secondary marine aerosol,22,23 most of 

which is submicron sized (Figure 5.1).24 The potential contribution of SMA to marine aerosol 

carbon is generally unaccounted for in isotopic source apportionment studies, primarily because 

the δ13C value of isolated SMA has not been measured. Based on SMA’s formation from 

isotopically-light gas phase precursors (e.g. isoprene), it is expected that the δ13C value of SMA 

will be more negative than primary SSA.2,25 Since SMA may constitute a significant portion of 

submicron marine aerosol carbon, future studies addressing the carbon isotopic composition of 

SMA would be helpful to build from our work measuring δ13Csub and constrain the likely δ13C 
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values for marine-derived submicron aerosols. Furthermore, establishing distinct δ13C values for 

SSAsub and SMA may enable future studies to differentiate between secondary and primary 

aerosols in the pristine marine atmosphere. Because SSAsub and SMA have different cloud 

formation properties,24 distinguishing the contributions of primary and secondary marine aerosols 

will improve modelling estimates of cloud cover and radiative balance in the remote marine 

environment. 
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