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Abstract
The world’s oceans are the source of one of the most abundant types of natural aerosols, namely sea spray aerosols (SSA).
By scattering solar radiation, SSA play a significant role in controlling the Earth’s radiation budget, while they are also
involved in the formation of clouds, acting as cloud condensation nuclei (CCN). To understand the connection between
biogeochemical processes occurring in the ocean and in the atmosphere, it is crucial to gain better insight into the detailed
chemical composition of SSA, which broadly consists of sea salt and marine organic matter. The aim of this thesis is to
(1) better understand the impact of ocean biological activity on the chemical composition of SSA and (2) improve the
knowledge on the ability of SSA to transport different organic pollutants to the atmosphere. In Paper I it was shown that
changes in the composition of marine organic matter during a phytoplankton bloom in the North Atlantic were clearly
reflected in the composition of generated SSA. Increased chlorophyll a concentration in seawater was correlated with the
presence of lipid-like compounds with high H/C and low O/C atomic ratios, and a consistent trend in chemical composition
was observed for subsurface water, the surface microlayer, and generated SSA. Although the effect of biological processes
on the composition of SSA organic matter was clear, in Paper II it was shown that during the phytoplankton bloom, the
abundance of organic matter in SSA was fairly constant, without any significant influence on their CCN activity or the
particle production flux. Paper III provided a mechanistic understanding of the enrichment of different cationic surfactants
(CSs) in SSA through experiments conducted using a sea spray simulation chamber. It was shown that enrichment of the
CSs was primarily driven by the alkyl chain length of the CSs but also affected by the different functional groups in the
CSs. The highest enrichment of CSs on SSA was observed for quaternary amines followed by primary and tertiary amines.
Interaction with dissolved humic acid was shown to decrease the enrichment of longer-chain amines while the enrichment
was increased for shorter-chain ones. When the plunging jet flow rate was increased, enrichment in SSA was shown to
increase, especially for lower water concentrations of surface-active compounds. The purpose of Paper IV was to improve
the understanding of the enrichment behavior of perfluoroalkyl acids (PFAAs), which are strong anionic surfactants. Similar
to CSs, it was shown that increasing the plunging jet flow increased the enrichment on SSA, from 43-88% for different
PFAAs. The effect of different inorganic salts present in seawater on enrichment was also tested. Compared to chamber
experiments prepared with ~35% NaCl water matrix, it was shown that the presence of other seawater ions, namely Ca2+

and Mg2+, increased the enrichment of some PFAAs, especially for those with longer perfluoroalkyl chains.
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Abstract 
 

 

 

The world’s oceans are the source of one of the most abundant types of natural aerosols, namely 

sea spray aerosols (SSA). By scattering solar radiation, SSA play a significant role in 

controlling the Earth’s radiation budget, while they are also involved in the formation of clouds, 

acting as cloud condensation nuclei (CCN). To understand the connection between 

biogeochemical processes occurring in the ocean and in the atmosphere, it is crucial to gain 

better insight into the detailed chemical composition of SSA, which broadly consists of sea salt 

and marine organic matter. The aim of this thesis is to (1) better understand the impact of ocean 

biological activity on the chemical composition of SSA and (2) improve the knowledge on the 

ability of SSA to transport different organic pollutants to the atmosphere. In Paper I it was 

shown that changes in the composition of marine organic matter during a phytoplankton bloom 

in the North Atlantic were clearly reflected in the composition of generated SSA. Increased 

chlorophyll a concentration in seawater was correlated with the presence of lipid-like 

compounds with high H/C and low O/C atomic ratios, and a consistent trend in chemical 

composition was observed for subsurface water, the surface microlayer, and generated SSA. 

Although the effect of biological processes on the composition of SSA organic matter was 

clear, in Paper II it was shown that during the phytoplankton bloom, the abundance of organic 

matter in SSA was fairly constant, without any significant influence on their CCN activity or 

the particle production flux. Paper III provided a mechanistic understanding of the enrichment 

of different cationic surfactants (CSs) in SSA through experiments conducted using a sea spray 

simulation chamber. It was shown that enrichment of the CSs was primarily driven by the alkyl 

chain length of the CSs but also affected by the different functional groups in the CSs. The 

highest enrichment of CSs on SSA was observed for quaternary amines followed by primary 

and tertiary amines. Interaction with dissolved humic acid was shown to decrease the 

enrichment of longer-chain amines while the enrichment was increased for shorter-chain ones. 

When the plunging jet flow rate was increased, enrichment in SSA was shown to increase, 

especially for lower water concentrations of surface-active compounds. The purpose of Paper 

IV was to improve the understanding of the enrichment behavior of perfluoroalkyl acids 

(PFAAs), which are strong anionic surfactants. Similar to CSs, it was shown that increasing 

the plunging jet flow increased the enrichment on SSA, from 43-88% for different PFAAs. The 

effect of different inorganic salts present in seawater on enrichment was also tested. Compared 

to chamber experiments prepared with ~35% NaCl water matrix, it was shown that the presence 

of other seawater ions, namely Ca2+ and Mg2+, increased the enrichment of some PFAAs, 

especially for those with longer perfluoroalkyl chains. 
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Sammanfattning 
 

 

 

Världens hav är källan till en av de vanligaste typer av naturliga aerosoler, nämligen 

havssprayaerosoler (SSA). Genom att sprida solstrålning har SSA en betydande roll i att 

kontrollera jordens strålningsbudget, samtidigt som de också är involverade i bildandet av 

moln, som fungerar som molnkondensationskärnor (CCN). För att förstå sambandet mellan de 

biogeokemiska processer som sker i haven och i atmosfären är det avgörande att få bättre insikt 

i den detaljerade kemiska sammansättningen av SSA, som i stort sett består av havssalt och 

marint organiskt material. Syftet med denna avhandling är att (1) bättre förstå effekten av 

havets biologiska aktivitet på den kemiska sammansättningen av SSA och (2) att förbättra 

kunskapen om SSA:s förmåga att transportera olika organiska föroreningar till atmosfären. 

Artikel I visades att förändringar i sammansättningen av marint organiskt material under en 

växtplanktonblomning i Nordatlanten tydligt återspeglades i sammansättningen av genererad 

SSA. Ökad klorofyll a koncentration i havsvatten korrelerades med närvaron av lipidliknande 

föreningar med högt H/C och låga O/C atomära förhållanden, och en konsekvent trend i kemisk 

sammansättning observerades för vatten under ytan, ytmikroskiktet och genererad SSA. Även 

om effekten av biologiska processer på sammansättningen av SSA organiskt material var 

tydlig, visades det i Artikel II att under växtplanktonblomningen förekomsten av organiskt 

material i SSA var tämligen konstant, utan någon signifikant inverkan på deras CCN-aktivitet 

eller partikeln produktionsflöde. Artikel III gav en mekanistisk förståelse av anrikningen av 

olika katjoniska ytaktiva ämnen (CSs) i SSA genom experiment utförda med en 

havsspraysimuleringskammare. Det visades att anrikning av CSs främst drevs av 

alkylkedjelängden hos CSs, men också påverkades av de olika funktionella grupperna i CSs. 

Den högsta anrikningen av CSs på SSA observerades för kvartära aminer följt av primära och 

tertiära aminer. Interaktion med upplöst humussyra visade sig minska anrikningen av aminer 

med längre kedja medan anrikningen ökades för kortare aminer. Genom att öka 

jetflödeshastigheten visades det att anrikningen av SSA kan ökas, särskilt för lägre 

vattenkoncentrationer av ytaktiva föreningar. Artikel IV syftade till att förbättra förståelsen av 

anrikningsbeteendet hos perfluoralkylsyror (PFAAs), som är starka anjoniska ytaktiva ämnen. 

I likhet med CSs visades det att ökning av jetflödet ökade anrikningen på SSA, från 43-88% 

för olika PFAAs. Effekten av olika oorganiska salter som finns i havsvattnet på anrikning 

testades också. Jämfört med kammarexperiment framställda med ~35% NaCl-vattenmatris, 

visades det att närvaron av andra havsvattenjoner, nämligen Ca2+ och Mg2+, ökade anrikningen 

av vissa PFAAs, särskilt för de med längre perfluoralkylkedjor. 

 

 

 



iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

List of papers included in the thesis 
 

Paper I.     Radoman, N., Christiansen, S., Johansson, J. H., Hawkes, J. A., Bilde, M., Cousins, 

I. T., & Salter, M. E. (2022). Probing the impact of a phytoplankton bloom on the 

chemistry of nascent sea spray aerosol using high-resolution mass spectrometry. 

Environmental Science: Atmospheres. doi:10.1039/D2EA00028H 

 

Paper II.   Christiansen, S., Radoman, N., Johansson, J. H., Salter, I., Jacobsen, S., Pedersen, 

H. B., Šantl-Temkiv, T., Cousins, I. T., Salter, M. E., & Bilde, M. Properties of sea 

spray aerosols during a spring phyto-plankton bloom on the Faroe Shelf in the North 

Atlantic. Submitted manuscript to Environmental Science: Atmospheres.  

 

Paper III.  Radoman, N., Cousins, I. T., & Salter, M. E. Enrichment behaviour of cationic 

surfactants on laboratory-generated sea spray aerosol. Submitted manuscript to 

Environmental Science: Processes & Impacts. 

 

Paper IV.  Radoman, N., Ungerovich, E., Sha, B., Johansson, J. H., Cousins, I. T., & Salter, 

M. E. Influence of the composition of the inorganic salts in seawater and the 

plunging jet speed on the enrichment of perfluoroalkyl acids in laboratory-

generated sea spray aerosol. Manuscript. 

 

 

List of papers not included in the thesis 
 

Paper 1)     Hawkes, J.A., Radoman, N., Bergquist, J., Wallin, M.B., Tranvik, L.J., & 

Löfgren, S. (2018). Regional diversity of complex dissolved organic matter 

across forested hemiboreal headwater streams. Scientific Reports 8, 16060. 

doi:10.1038/s41598-018-34272-3 

Paper 2)     Hawkes, J.A., D'Andrilli, J., Agar, J.N., Barrow, M.P., Berg, S.M., Catalán, N., 

Chen, H., Chu, R.K., Cole, R.B., Dittmar, T., Gavard, R., Gleixner, G., Hatcher, 

P.G., He, C., Hess, N.J., Hutchins, R.H.S., Ijaz, A., Jones, H.E., Kew, W., 

Khaksari, M., Palacio Lozano, D.C., Lv, J., Mazzoleni, L.R., Noriega-Ortega, 

B.E., Osterholz, H., Radoman, N., Remucal, C.K., Schmitt, N.D., Schum, S.K., 

Shi, Q., Simon, C., Singer, G., Sleighter, R.L., Stubbins, A., Thomas, M.J., Tolic, 

N., Zhang, S., Zito, P., & Podgorski, D.C. (2020). An international laboratory 

comparison of dissolved organic matter composition by high resolution mass 

spectrometry: Are we getting the same answer? Limnology and Oceanography: 

Methods, 18: 235-258. doi:10.1002/lom3.1036 



vi 
 

Contributions to Papers 
 

 

 

Paper I         Contributed to the study design, and conducted the field campaign. Conducted the sea 

spray aerosol experiments in the field and carried out sample collection. Carried out 

extraction of the samples, LC- HRMS analysis, and data analysis. Took the lead in 

writing the manuscript. 

 

Paper II     Contributed to the study design, and conducted the field campaign. Conducted the sea 

spray aerosol experiments in the field. Collected the samples, undertook sample 

preparation for TOC and Na+ analysis, measured Na+ with ICP-AES, and analysed the data 

for Na+, TOC and EFs. Edited and provided comments on the manuscript during multiple 

drafts. 

 

Paper III      Contributed to the study design. Conducted sea spray aerosol experiments in the 

laboratory, sample preparation, LC-MS analysis, Na+ measurements with ICP-AES and 

data analysis. Took the lead in writing the manuscript.  

 

Paper IV      Contributed to the study design. Conducted the sea spray chamber experiments and 

reviewed the results together with Eliana Ungerovich. Took the joint lead in writing the 

manuscript with Eliana Ungerovich.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



vii 
 

Abbreviations 
 

 

 

DOM – dissolved organic matter 

CCN – cloud condensation nuclei 

CSs – cationic surfactants 

EF – enrichment factor 

ESI – electrospray ionization 

FT-ICR-MS – Fourier-transform ion cyclotron resonance mass spectrometer 

HRMS – high-resolution mass spectrometry 

LC – liquid chromatography 

MS – mass spectrometry 

NMR – nuclear magnetic resonance  

OM – organic matter 

[OC/Na+]SSA – a ratio between organic carbon and sodium ions in the sea spray aerosol 

[OC/Na+]seawater – a ratio between organic carbon and sodium ions in the seawater  

PFAAs – perfluoroalkyl acids 

PFCAs – perfluoroalkyl carboxylic acids 

PFSAs – perfluoroalkane sulfonic acids 

SS – subsurface 

SSA – sea spray aerosol 

SPE – solid phase extraction 

SML – surface microlayer 

TOC – total organic carbon 

UPLC – ultra-performance liquid chromatography 

WAX – weak anion exchange 

WIOM – water-insoluble organic matter 

WSOM – water-soluble organic matter 

 

 

 



viii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

Introduction  
 

 

 

Sea spray aerosol 

 

Sea spray aerosols (SSA) represent the most abundant mass fraction of aerosols present in the global 

atmosphere (De Leeuw et al., 2011; Lewis, E. R.; Schwartz, 2004). SSA are produced by breaking 

waves which entrain air bubbles into the water. The air bubbles rise to the water surface where they 

burst and release SSA particles into the air (De Leeuw et al., 2011). Since SSA originate from the sea 

surface, they consist mainly of sea salt and organic matter present in the seawater (Bertram et al., 2018; 

Quinn et al., 2015). 

SSA have a direct effect on Earth's radiation budget by scattering solar radiation and providing a cooling 

effect by decreasing the amount of radiation that will be absorbed by the ocean (Murphy et al., 1998). 

SSA also have an indirect effect on climate by acting as cloud condensation nuclei (CCN), especially 

above the remote marine regions with the low influence of continental aerosol (Haywood & Boucher, 

2000). As CCN particles, they can change cloud microphysical properties such as number 

concentration, radius and reflectivity of cloud droplets but also their macrophysical properties such as 

cloud lifetime and extent (Andreae & Rosenfeld, 2008). 

To accurately model both direct and indirect climate impacts of SSA requires both production fluxes of 

SSA and their composition. There are large uncertainties in the estimated production fluxes of SSA, so 

the dry mass of globally emitted SSA is estimated to be between 2.2 and 118 1012 kg yr -1 (De Leeuw 

et al., 2011). After they are emitted into the atmosphere, the ability of SSA particles to scatter radiation 

and act as CCN greatly depends on their ability to uptake water, which is directly related to the size and 

chemical composition of SSA particles (Andreae & Rosenfeld, 2008; McCoy et al., 2015; Vaishya et 

al., 2013). Therefore, it is of great interest to understand the temporal and spatial variability of the 

composition of SSA to accurately predict its impact on climate.  

 

Production mechanism 

 

The formation of SSA through the process of bubble bursting following wave breaking has been studied 

for decades (Blanchard & Woodcock, 1957; Jiang et al., 2022; Knelman et al., 1954; Spiel, 1998). Wave 

breaking occurs in the open ocean when the wind speed increases over approximately 5 m s-1 leading 

to entrainment of air into the water column in the form of a plume of bubbles (De Leeuw et al., 2011). 
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Depending on the energy of the wave-breaking event, bubbles are entrained to a certain depth and with 

a specific size distribution (De Leeuw et al., 2011). After reaching a certain depth, air bubbles rise to 

the water surface where they burst, releasing SSA particles (Jiang et al., 2022; Spiel, 1994; Spiel 1998). 

By traveling through the water column, air bubbles scavenge organic material that is present in the 

seawater and contribute to the transport of this material onto the seawater surface (Tseng et al., 1992). 

Surface active substances are especially attracted to the air-water interfaces present in the outer walls 

of the air bubbles (Chingin et al., 2018; Tseng et al., 1992). Furthermore, the sea surface is coated with 

a chemically distinct film known as the surface microlayer (SML), which is also enriched with 

accumulated surface active substances (Wurl et al., 2009, 2011). During bubble bursting, the rupture of 

the bubble film cap releases hundreds of smaller submicron particles known as film drops (Spiel, 1998). 

Their composition reflects the composition of the bubble film cap, which is enriched in surface-active 

material (Burrows et al., 2014). By using a novel method to measure surface tension in the upper layer 

of the SML, which corresponds to the thickness of the bubble film (up to 1 µm), it was shown that 

surface tension in SML correlates with the organic composition in submicron SSA (Crocker et al., 

2022). After the rupture, retraction of the bubble cavity forms a vertical jet in form of a few supermicron 

particles, known as jet drops (Duchemin et al., 2002). Since jet drops originate from the bottom of the 

bursting bubble, their composition is more reflective of the composition of underlying water, with 

relatively lower amounts of surface active compounds present in the SML (Burrows et al., 2014). 

However, due to the accumulation of scavenged organic matter and bacteria at the base of the bursting 

bubble, their transport can be facilitated  jet drops (Marks et al., 2019). While numerous studies have 

shown that jet droplets are fewer in number and much larger compared to film droplets, recent studies 

have observed that the jet droplets can also be found in the submicron SSA range (X. Wang et al., 2017). 

 

 

Figure 1. A schematic illustration of the process of SSA formation and enrichment mechanism of organic 

compounds present in the seawater. 
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Chemical composition of SSA 

 

Since SSA is produced during the process of bubble bursting at the seawater surface, it is not surprising 

that it contains a mixture of inorganic salts and the organic matter (OM) present in the seawater. The 

inorganic fraction of SSA is overall very similar to the inorganic composition of seawater, but the 

enrichment of calcium ions relative to sodium ions has been observed in both ambient SSA (Leck & 

Svensson, 2015) and lab-generated nascent SSA (Salter et al., 2016). It is hypothesised that calcium 

enrichment in SSA is due to calcium complexation with different organic molecules or possibly due to 

the formation of precipitates with carbonyl ions (Cochran et al., 2016; Salter et al., 2016). 

Most marine organic matter is produced by phytoplankton, which is then rapidly consumed by different 

heterotrophic bacteria and protozoa (Repeta, 2015). Phytoplankton release freshly produced OM by 

direct release or by degradation of its biomass due to viral lysis and apoptosis (Repeta, 2015). A 

significant fraction of freshly produced OM is biopolymeric and exists in dynamic equilibrium in 

different forms of dissolved, colloid, and gel structures, which can accumulate in the surface microlayer 

and be enriched in SSA. (Aluwihare et al., 1997; Gao et al., 2011; Orellana et al., 2021; Orellana & 

Leck, 2015). In addition to freshly produced OM, which is more related to particulate, polymeric, 

colloidal, and gel-like structures, most of the OM is dissolved and represents a continuum that consists 

of fractions of less labile and refractory OM (Carlson & Hansell, 2015; Hansell, 2013). The total global 

inventory of marine dissolved organic carbon is estimated to be 662 Pg, which is 200 times higher than 

the mass of organic carbon contained in marine biomass. (Hansell, 2009). Although the highest fraction 

of marine OM is in the dissolved form, studies confirm that submicron SSA is much more abundant in 

water-insoluble organic matter (WIOM) compared to the water-soluble organic matter (WSOM) 

fraction (Facchini et al., 2008; O’Dowd et al., 2004). One of the most general characteristics of SSA, 

shown for different marine regions and different lab-generated SSA, is that the ratios between the 

concentrations of organic carbon and sodium in SSA ([OC/Na+]SSA), decrease with SSA particle size 

(Bertram et al., 2018; Quinn et al., 2015). The lowest [OC/Na+]SSA values have been observed for 

supermicron SSA (down to 0.01), while for the submicron SSA up to 0.2 µm [OC/Na+]SSA ratios 

commonly higher than 0.5 have been observed. For the lowest particle sizes of 0.06-0.12 µm, a 

[OC/Na+]SSA ratio close to 40 has been observed (Dowd et al., 2004; Facchini et al., 2008; Keene et al., 

2007). A useful parameter for estimating OM enrichment in SSA relative to seawater is the enrichment 

factor (EF), which is defined as the [OC/Na+]SSA ratio divided by the concentration ratio in seawater 

([OC/Na+]seawater ). When the EF is higher than 1 the compound is enriched in SSA compared to 

seawater, while an EF lower than 1 means that the compound is depleted. The same approach can be 

used to estimate the enrichment of any other compound present in SSA and seawater. High enrichment 

of OM has been observed in SSA relative to seawater for both oligotrophic and productive marine 
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regions, with an overall EF in the range of 103-105 and with higher EFs found for smaller particles due 

to their higher [OC/Na+]SSA ratios (Facchini et al., 2008; Keene et al., 2007; Quinn et al., 2014). 

Only 15% of marine OM is estimated to be characterized at the molecular level (Carlson & Hansell, 

2015), which is also reflected in limited knowledge of the chemical composition of OM in SSA. The 

composition of organic matter in SSA has been analysed with a spectrum of analytical methods 

(Frossard et al., 2014). The analysis of ambient SSA in the North Atlantic by nuclear magnetic 

resonance (NMR) spectroscopy has shown an abundance of humic-like and partially oxidized aliphatic 

structures with carbonyl and carboxyl functionalities (Cavalli et al., 2004). As the compounds have both 

aliphatic moieties and a limited number of polar functional groups, it is assumed that they have 

amphiphilic properties that make them enriched in the SSA. Fourier transform infrared (FT-IR) 

spectroscopy analysis of generated SSA during ship cruises from 5 oceans found that the average 

abundance of functional groups was 53% for hydroxyl groups, 33% for alkane groups and 14% for 

amine groups (Frossard et al., 2014). The high abundance of hydroxyl functional groups was linked to 

the presence of different monosaccharides and disaccharides, which are known as abundant constituents 

of marine water. Mass spectrometry analysis has been used to target proteinaceous material in Arctic 

aerosol (Rad et al., 2019). Analysis of ambient and lab-generated SSA by high-resolution Fourier 

transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) showed an abundance of 

compounds with CHO, CHON and CHOS with relatively high H/C and low O/C atomic ratios, 

indicating structures similar to surface-active fatty acids and lipid-like molecules (Schmitt-Kopplin et 

al., 2012; Willoughby et al., 2016). The targeted analysis of fatty acids in SSA from the Pacific Ocean 

by gas chromatography was performed by Mochida et al. (2002), while Cavalli et al. (2004) used ion 

exchange chromatography to separate monocarboxylic and polycarboxylic acids in SSA of the North 

Atlantic. Compounds with long aliphatic chains substituted with different functional groups were 

observed in ambient SSA along the Pacific Ocean using Raman spectroscopy (Deng et al., 2014).  

 

Biological impact on the chemical composition and physical properties of SSA 

 

Marine phytoplankton blooms account for almost 50% of the Earth's net primary production (Field et 

al., 1998), but the effect of this enormous amount of freshly produced organic carbon on the SSA 

composition is still unclear. A strong dependence of [OC/Na+]SSA ratios and ocean productivity has been 

observed for both ambient marine aerosol (O’Dowd et al., 2004) and nascent SSA generated in the 

laboratory (O’Dowd et al., 2015). O’Dowd et al. (2015) observed that the [OC/Na+]SSA ratios increased 

significantly as chlorophyll a levels or net primary productivity increased. During periods of increased 

biological activity, the WIOM fraction, which is overall more abundant than WSOM, was shown to 

contribute more to the increased OC/Na+ ratios (O’Dowd et al., 2004). Similarly to this, Van Pinxteren 

et al. (2017) found the highest concentration of WIOM in submicron ambient marine aerosols over the 
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North Atlantic during high chlorophyll a conditions. The increased fraction of WIOM is related to 

plankton exudates rich in lipopolysaccharides that form colloids and particulate organic matter on the 

surface of the seawater (Facchini et al., 2008), but processes such as bacterial grazing and viral 

infections that lead to the decay and production of plankton debris of plankton are also relevant 

(O’Dowd et al., 2015). In contrast to studies that found a strong link between OC/Na+ ratios and ocean 

productivity, Quinn et al. (2014) compared the nascent SSA generated from oligotrophic and productive 

marine water from the North Atlantic and North Pacific and did not observe a significant change in the 

abundance of OM. It has been hypothesised that this was due to the presence of a ubiquitous fraction 

of OM that is enriched in SSA and that is not affected by the changes that can occur during the periods 

of increased biological activity. However, SSA generated from productive water contained a higher 

abundance of alkane functional groups, which could have been due to the increased concentration of 

fatty acids that are part of freshly produced phytoplankton biomass. By modelling the OM fraction of 

SSA for different ocean regions, Burrows et al. (2014) concluded that differences in OC/Na+ suggested 

by different studies could be due to different types of blooms and different types of produced OM. For 

example, the North Atlantic is characterised by stronger phytoplankton spring blooms and higher 

amounts of labile OM compounds (e.g. lipids) that could result in a stronger correlation between 

chlorophyll a and [OC/Na+]SSA  ratios. On the other hand, other regions, like the Pacific Ocean, have 

weaker blooms with lower chlorophyll a levels and a higher fraction of semilabile OM, which persist 

longer and therefore do not correlate with current biological activity (Burrows et al., 2014). 

In addition to changes in [OC/Na+]SSA values, some studies have reported more detailed compositional 

changes in the SSA organic matter fraction as a result of marine biological processes. Gérard et al. 

(2016) observed a correlation between chlorophyll a levels and the concentration of anionic and cationic 

surfactants in the SSA collected on the coast of the Baltic Sea. Frossard et al. (2019) found a higher 

abundance of anionic surfactants in SSA generated in laboratories from productive seawater compared 

to SSA generated from oligotrophic water. Crocker et al. (2020) observed changes in the lab-generated 

SSA carbon isotopic composition that reflected changes in the mesocosm organic matter composition 

during an induced phytoplankton bloom. In a similar study, Crocker et al. (2022) found changes in 

carbon isotopic ratio specifically in supermicron SSA while submicron SSA were not affected by the 

phytoplankton bloom. It was suggested that this could be due to the accumulation of freshly produced 

particulate organic matter at the base of the bursting bubble, which is then transferred by jet drops to 

the supermicron SSA (Marks et al., 2019). Ceburnis et al. (2016) also found distinctive carbon isotope 

ratios in SSA collected over the Indian Ocean. In the proposed model, they suggested that the dissolved 

organic matter fraction was related to the aged refractory organic fraction, which had higher carbon 

isotope ratios, while particulate organic matter, which is more characteristic for SSA, was linked to 

freshly produced carbon with lower carbon isotope ratios. 
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The interaction between phytoplankton, which is responsible for primary production, and other marine 

microbial organisms such as heterotrophic bacteria, complicates the use of chlorophyll a as a proxy for 

marine biogenic activity (Rinaldi et al., 2013). Analysis of SSA generated from seawater in coastal 

California (Bates et al., 2012), did not reveal changes in the values of [OC/Na+]SSA in the region with 

higher chlorophyll, but there was a correlation between [OC/Na+]SSA and the concentrations of seawater 

dimethylsulfide (DMS), which is an indicator of phytoplankton oxidative stress and cell lysis. 

Analysing lab-generated SSA in mesocosm experiments, Prather et al. (2013) detected a strong shift 

towards the production of OM-rich SSA particles, together with a decrease in hygroscopicity when the 

concentration of heterotrophic bacteria increased, but not with an increase in chlorophyll or the amount 

of phytoplankton. Santander et al. (2022) showed that changes in the enrichment of different chemical 

species in SSA, like proteins and humic-like compounds, did not follow the change in chlorophyll a 

levels, but suggested that enrichment was more likely controlled by microbial degradation that 

transforms phytoplankton primary products into chemical species that will be enriched in SSA. Studies 

that followed changes in the carbon isotope ratios during the induced phytoplankton blooms have also 

observed a shift in SSA organic composition after the maximum in chlorophyll a concentration, again 

implying that microbial processing is required for increased transport to SSA (Crocker et al., 2020, 

2022). By adding strains of heterotrophic bacteria during mesocosm phytoplankton blooms, it was 

shown that the organic mass fraction of ultrafine SSA is correlated with the number of heterotrophic 

bacteria (Glicker et al., 2022). This was explained by the enzymatic processes of bacteria that are 

involved in the production of saccharides and fatty acids that dominate the organic mass fraction of 

ultrafine SSA during periods of biological activity (Glicker et al., 2022; Hasenecz et al., 2020).   

Changes in SSA organic composition can alter the CCN activation properties of SSA and also their 

radiative properties. It has been shown that incorporating more hydrophobic OM in the SSA is likely to 

decrease the ability of SSA to uptake water and increase the critical size of the particle at which they 

can become cloud droplets (Andreae & Rosenfeld, 2008). Vaishya et al. (2013) showed that increased 

OM enrichment in North Atlantic SSA, influenced by higher biological activity, decreased the cooling 

contribution of SSA to the atmosphere. On the other hand, McCoy et al. (2015) showed that biologically 

driven enrichment of OM in SSA over the Southern Ocean increased the amount of reflected solar 

radiation. For SSA generated from mesocosm experiments, studies have shown that concentrations of 

OM in the bulk water, type of organic matter, induced phytoplankton blooms and heterotrophic bacteria 

can modulate the CCN activity of produced SSA, but the overall effect on CCN was usually shown to 

be rather small (Christiansen et al., 2020; Collins et al., 2016; Fuentes et al., 2011; Prather et al., 2013). 

The in-soluble and amphiphilic character of organic matter present in SSA (Cavalli et al., 2004; Facchini 

et al., 2008; O’Dowd et al., 2004) together with the presence of anionic and cationic surfactants 

(Frossard et al., 2019; Gérard et al., 2016) are likely to change the surface tension of SSA, which could 

also affect the ability of SSA to act as CCN (Collins et al., 2016; Ovadnevaite et al., 2017). 
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Enrichment of organic pollutants in SSA 

 

Given the enormous global production fluxes of SSA, it is often hypothesized that SSA can be a 

significant source of pollutants to the atmosphere and facilitate its long-range atmospheric transport 

(Allen et al., 2020; Johansson et al., 2019; Oppo et al., 1999; Sha et al., 2022). The distance that SSA 

can travel in the atmosphere before being deposited is related to the aerosol size, and it is estimated that 

SSA particles of 1 µm (at 80% relative humidity) can travel upwards of ~1000 km (Lewis & Schwartz, 

2004). 

Enrichment of many classes of organic pollutants has been observed in the surface microlayer relative 

to subsurface water including pesticides, polychlorinated bi-phenyls (PCBs), petroleum-derived 

hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) (Cincinelli et al., 2001; Wurl & Obbard, 

2004). However, studies that have examined the enrichment of organic pollutants in SSA are limited. 

Cincinelli et al. (2001) observed enrichment of n-alkanes, alkylbenzenes, phthalates, and PAHs in the 

coastal marine aerosol of the Tyrrhenian Sea, relative to subsurface and sea surface microlayer samples. 

The highest enrichment factors were observed for the finest aerosol fraction, ranging from 200 for PAHs 

to 70 000 for phthalates. Linear alkylbenzene sulfonates, which are anionic surfactants of known 

anthropogenic origin, have been reported in coastal Mediterranean aerosols (Becagli et al., 2011).  

 

Enrichment of perfluoroalkyl acids (PFAAs) in SSA 

 

Perfluoroalkyl acids (PFAAs) are organic substances with fully fluorinated carbon chains and acidic 

functional groups, including perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkane sulfonic 

acids (PFSAs) (Buck et al., 2011). Due to their specific properties such as high surface activity, 

chemical resistance and water/oil repellency they have found application in numerous industrial 

processes and consumer products (Buck et al., 2011; Glüge et al., 2020). However, due to their high 

persistence (Frömel & Knepper, 2010), bioaccumulative potential (Conder et al., 2008), different 

adverse health effects (Fenton et al., 2021), their overall presence in the various global environments 

(Cousins et al., 2022) and humans (Vestergren & Cousins, 2009), they are considered as chemicals of 

high concern.  

PFAAs were first manufactured in large quantities in the 1950s and both manufacturing and consumer 

product sources have contributed to their environmental presence (Buck et al., 2011). The oceans are 

estimated to be the largest global reservoir, and ultimate sink, for both PFCAs and PFSAs (Boucher et 

al., 2019; Prevedouros et al., 2006). The detection of PFAAs in air, rainwater, and remote continental 

remote regions suggests their potential for long-range transport via the atmosphere (Benskin et al., 2011; 

Cousins et al., 2022; Johansson et al., 2019). Studies by Johansson et al. (2019) and Sha et al. (2021) 
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showed that enrichment factors of PFAAs in lab-generated SSA can be up to 105 relative to bulk water, 

which indicates their strong potential to be transported long-distances on SSA. Sha et al. (2022) also 

reported a correlation between concentrations of perfluoroalkyl acids (PFAAs) and sodium ions in 

Norwegian coastal air samples, which was the first clear field evidence showing that SSA can be a 

significant transport mechanism of PFAA from marine water to the coastal atmosphere. It has been 

estimated that fluxes of PFAAs to the atmosphere via SSA are comparable with other significant sources 

of PFAAs to the atmosphere, such as direct emissions from manufacturing plants or the transformation 

of their volatile precursors into PFAAs by atmospheric oxidation (Johansson et al., 2019). 

In order to accurately model the global fluxes of PFAAs from the ocean to the atmosphere, it is 

important to examine all potential factors that could influence their enrichment process in SSA. In lab-

generated SSA using a spray simulation chamber with a plunging jet flow to generate the SSA, it was 

shown that different concentrations of PFAAs do not influence the enrichment factors in SSA (Sha et 

al., 2021). However, comparing results from different studies there are indications that the enrichment 

of PFAAs in SSA could be influenced by changes in the plunging jet flow rate, which would change 

the bubble path length (Johansson et al., 2019, Sha et al., 2021). In addition to that discrepancies have 

also been observed between PFAA enrichment factors in SSA generated using sodium chloride as a 

matrix and when SSA was generated from coastal seawater (Johansson et al., 2019; Sha et al., 2021, 

2022). Therefore, it was hypothesized that enrichment of PFAAs could also be modified by the 

constituents of seawater, which contains organic matter and different compositions of electrolytes. 

There have been some previous indications that enrichment of PFAAs is influenced by interactions 

between PFAAs and Ca2+ ions present in seawater. It was hypothesized that PFAA and Ca2+ ions form 

complexes that could behave differently in the aerosolization process compared to individual 

noncomplexed anions of PFAA (Cochran et al., 2016; Li et al., 2022). 

 

Enrichment of cationic surfactants in SSA 

 

Compared with studies on anionic surfactants in SSA, there are substantially fewer studies that have 

examined the presence of cationic surfactants (CSs) in SSA. To distinguish between cationic, anionic 

and nonionic surfactants present in seawater or SSA, colorimetric methods are generally performed, so 

that the complexation of each type of surfactant is obtained with a different type of dye (Frossard et al., 

2019; Gérard et al., 2016). However, such approaches can provide only provide a rough estimate of the 

total amount of each type of surfactant and cannot distinguish between surfactants of anthropogenic and 

biogenic origin. Studies that examined ambient aerosol collected in the coastal Baltic region (Gérard et 

al., 2016) and the Malay Peninsula (Roslan et al., 2010) showed that CSs were less abundant compared 

to the anionic fraction. In lab-generated SSA using productive and oligotrophic Atlantic seawater, CSs 
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were not identified in any of the water or SSA samples, while anionic surfactants were the most 

abundant (Frossard et al., 2019).  

Anthropogenic CSs have a wide range of industrial applications (Fredell, 1994; Kahrilas et al., 2015; 

Shaban et al., 2015) and are used frequently in various consumer products such as toiletries, cosmetics, 

and antimicrobial agents (Fredell, 1994). Their strong affinity for negatively charged biomembranes 

influences their bioaccumulative potential and toxicity (Kierkegaard et al., 2020, 2021; Timmer & 

Droge, 2017). Since CSs have positively charged functional groups, they exhibit electrostatic 

interactions with OM, which is usually negatively charged (Droge & Goss, 2013). These electrostatic 

interactions between CSs and OM have been shown to modify the surface activity of CSs (Gamboa & 

Olea, 2006), which could make their environmental fate in the SML and SSA potentially different 

compared to anionic surfactants. Although CSs are detected in wastewater treatment plant effluents 

(Martínez-Carballo et al., 2007) and coastal seawater (Bassarab et al., 2011), studies on their 

concentrations and biodegradability in seawater are limited (Kaczerewska et al., 2020). 

 

Objective of the thesis 

 

This thesis has two overarching objectives. The first objective was to improve the understanding of 

marine biological activity on the chemical composition of nascent SSA. This was done by conducting 

a field campaign in the North Atlantic during a spring phytoplankton bloom, which is described in 

Papers I and II. The second objective was to improve the mechanistic understanding of enrichment for 

different types of anthropogenic surfactants in SSA, which was done by conducting a series of 

laboratory experiments presented in Paper III (for CSs) and Paper IV (for PFAAs, which are anionic 

surfactants). 

The aim of Paper I was to use high-resolution mass spectrometry to monitor changes in the composition 

of dissolved organic matter (DOM) during the progression of a phytoplankton bloom in the North 

Atlantic. During the 18-day field campaign, samples of subsurface water, surface microlayer, and sea 

foam samples were collected while nascent SSA was generated with a sea spray chamber. An additional 

aim was to examine how marine organic matter was being fractionated between the bulk water, surface 

microlayer, and sea spray aerosol (sub- and supermicron). By separating and understanding the 

enrichment behaviour in the different sample types, it was hoped that an improved understanding of the 

enrichment mechanism for different biogenic organic compounds would be obtained. 

.  

Paper II aimed to provide a wider overview of the field campaign conducted in the North Atlantic and 

examined the link between parameters that characterise phytoplankton blooms, such as the 

concentrations of seawater nutrients, chlorophyll a and TOC, and the composition of the microbial 
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community on the properties of nascent SSA. The properties of the nascent SSA studied included the 

number production flux, the enrichment factor of OM, and the CCN activity. Analysing the bulk 

properties of SSA, such as TOC/Na+ ratios, EFs, and CCN activity, allowed the direct comparison of 

the results with other studies that used a similar approach. The literature in this research field currently 

present conflicting opinions on the impact of biological activity on the physicochemical properties of 

SSA, and it was hoped that Paper II would provide further insight into this important discussion. 

 

The purpose of Paper III was to provide a mechanistic understanding of the enrichment of 

anthropogenic cationic surfactants (CSs) in SSA, which would help estimate their potential to be 

transported from seawater to the atmosphere. This was done by conducting sea spray chamber 

experiments with a range of different long-chain amines. The main idea was to understand how different 

molecular properties of CSs, such as the chain length and different head groups, influenced their 

enrichment in SSA. CSs have been shown to exhibit specific electrostatic interactions with negatively 

charged OM (Droge & Goss, 2013), which could modify their surface activity (Gamboa & Olea, 2006). 

Therefore, the effect of dissolved organic matter on the enrichment of the CSs was studied using an 

aquatic humic acid standard to modify the OM content of the water. The influence of the plunging jet 

flow rate on the enrichment of CSs was also tested. The plunging jet flow rate is believed to change the 

path length of the air bubbles through the water column and may therefore influence the quantity of 

CSs scavenged by the bubbles and the enrichment of CSs in SSA (Blanchard et al., 1981; Chingin et 

al., 2018). The current understanding of this effect is limited.  

 

Paper IV aimed to improve the current knowledge of SSA enrichment mechanisms for a range of 

PFAAs. This followed previous studies that examined the enrichment of PFAAs in laboratory-generated 

SSA (Johansson et al., 2019; Sha et al., 2021) and ambient SSA (Sha et al., 2022). More specifically, 

the aim was to understand how the composition of the seawater electrolytes could potentially affect the 

enrichment of PFAAs in SSA since previous laboratory studies used PFAAs dissolved in sodium 

chloride rather than a matrix containing all the major ions present in seawater. Therefore, an artificial 

sea salt mixture containing all the ions present in seawater (e. g. Ca2+ and Mg2+) was used for 

comparison with sodium chloride. The impact of the plunging jet flow rate on the enrichment of PFAAs 

in the generated SSA was also tested in a manner similar to that used in the experiments with CSs 

presented in Paper III.  
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Methods 
 

 

 

Generation and sampling of sea spray aerosol 

 

SSA generated using sea spray simulation chambers are often used to study nascent SSA in order to 

avoid atmospheric processing and contamination from particles in the marine atmosphere that originate 

from other sources (Fuentes et al., 2010). Also, by controlling the production rate of SSA in laboratory 

studies, it is possible to reach much higher SSA concentrations compared to those obtained in ambient 

measurements. The two main mechanisms for generating SSA from bursting bubbles are by using 

sintered glass bubblers or plunging water jets (Bates et al., 2012; Fuentes et al., 2010; Sellegri et al., 

2006). 

In the studies presented in this thesis, SAA were generated using two different sea spray simulation 

chambers with plunging water jets (Figure 2 and Figure 3). Water in the form of a plunging jet penetrates 

the water surface and entrains a certain amount of air in the water. After reaching a certain depth, this 

air in the form of air bubbles rises to the water surface where the air bubbles burst and release the 

droplets of SSA into the chamber headspace, from where they are collected using a cascade impactor.   

The experimental setup that was used in Paper I and Paper II is presented in Figure 2. The sea spray 

chamber that was used in this setup was developed by Christiansen et al. (2019). This sea spray chamber 

is a cylindrical stainless steel tank with a water overflow outlet, which keeps the water in the chamber 

at a constant water volume of 20 L, and the headspace volume at approximately 14 L. This setup allowed 

continuous input of fresh seawater through a 4 mm nozzle with a 4 L min-1 flow.  

The sea spray chamber that was used in Paper III and Paper IV was developed by Salter et al. (2014; 

2016) and the experimental setup is presented in Figure 3. It is a larger chamber compared to that used 

in Papers I and II and was filled with approximately 100 L of water, resulting in approximately 70 L of 

headspace. This chamber was used with a continuous water circulation from the bottom of the chamber 

to the stainless steel nozzle (4.3 mm in diameter) placed in the centre of the chamber lid. This chamber 

is temperature controlled with a circulation of the cooling liquid through the chamber's double walls, 

keeping a constant temperature during all experiments.  

In both experimental setups, a 14-stage cascade impactor (DLPI+, Dekati) was employed for sampling 

the SSA from the chamber’s headspace. The operating principle of the cascade impactor is based on a 

bent streamline of air, which causes different curvilinear trajectories of SSA particles of different sizes 

(Newton et al., 1977). Each stage of the impactor contains a sampling plate, so that bigger particles with 
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higher inertia hit higher stages of the impactor, while smaller particles that can follow a curvilinear 

streamline of air will travel longer and be collected on lower stages of the impactor. For collecting the 

SSA particles, each collection plate of the cascade impactor had to be equipped with polycarbonate 

membranes (Nuclepore TrackEtch Membrane, Whatman). Cut-off sizes (d50) of the impactor stages 

ranged from 0.015 to 9.91 µm. These values are based on the calibration performed by the provider of 

the instrument (Decati) with a requirement that the pressure at the outlet of the impactor is kept constant 

at 40 mbar. For all experiments, handling blanks were obtained by placing a polycarbonate membrane 

on a random stage of the impactor during the preparation of the impactor. To minimise the ambient 

contamination, preparation of the impactor was conducted either in a glove box during the field 

campaign (Paper I and II) or in the fume hood with a laminar flow equipped with high-efficiency 

particulate air (HEPA) filters (Paper III and IV).  

 

 

Figure 2. An illustration of the experimental setup used in Paper I and Paper II. SSA were produced by a sea 

spray simulation chamber (V=20 L). A continuous flow of fresh seawater is introduced to the chamber in form of 

a plunging jet flow. From the chamber headspace, SSA were directed to a 14-stages cascade impactor that 

sampled the SSA. SSA size distribution and cloud condensation nuclei measurements were taken also directly 

from the chamber headspace.  



13 
 

 

Figure 3. An illustration of the experimental setup used in Paper III and Paper IV. SSA were produced by a sea 

spray simulation chamber (V=100 L). Water was continuously circulated from the bottom of the chamber to the 

upper lid where it formed a plunging jet flow that generated SSA. From the chamber headspace, SSA were directed 

through the heated metal tube to the 14-stages cascade impactor that sampled the SSA. The humidity of sampled 

air was monitored with a humidity probe. The temperature of the chamber water was kept constant at 15°C. 

 

Field experiments in Paper I and II 

 

In order to probe the effect of a spring phytoplankton bloom on SSA, a field campaign was carried out 

for 18 days at a sampling station on the coast of the Faroes Islands in June 2019. This sampling station 

has been used in previous studies that monitored phytoplankton blooms, and is equipped with a seawater 

inlet situated at a depth of 18 m (Debes & Hansen, 2008; Debes & Eliasen, 2006). Strong tidal currents 

cause strong vertical mixing which results in a low variation in seawater chlorophyll and temperature 

(Debes & Eliasen, 2006). During the campaign, six sea spray chamber experiments with a duration of 

20-36 hours were carried out with a continuous input of fresh seawater (Figure 2). Subsurface (SS) 

water was sampled directly from a sea spray chamber using a tap at the bottom of the chamber. Since 

the sampling of the SML directly from the sea spray chamber was not feasible, it was conducted from 

a large container supplied with a continuous flow of seawater using a glass plate method (Harvey, 1966). 

The seawater foam was scooped from the surface of a large indoor pool which supplied the sea spray 

chamber with seawater. 

Between the sampling of the nascent SSA, measurements of sea spray distribution and CCN activity 

were conducted. The particle size distribution was measured using a scanning mobility particle sizer for 

particles in the range 10-500 nm, and an optical particle size spectrometer for particles in the range 0.3–

10 µm. The CCN activity was measured using a continuous-flow streamwise thermal-gradient CCN 
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chamber, which in parallel measured the concentrations of CCN and total condensation particles (Figure 

2).   

 

Sea spray chamber experiments in Paper III and IV 

 

In Paper  III, six amines were investigated, which had a range of carbon chain lengths and head groups, 

including three primary amines, two tertiary amines and one quaternary amine (Figure 4). In total, 12 

different chamber experiments were conducted, with variable concentrations of amines in the bulk 

water, different plunging jet flow rates and with the addition of Nordic aquatic humic acid standard. 

Water concentrations of amines were in the range 0.013 to 27.26 µg L-1 while three different plunging 

jets were applied (3.2, 2.4 and 1.6 L min-1). After 9 experiments (3 different concentration levels with 

3 different plunging jet flows), a humic acid standard was added so that the bulk water concentration 

was approximately 2.5 ppm, after which 3 additional experiments with different plunging jet flows were 

carried out. 

In Paper IV, eleven different PFAAs were investigated, of which eight PFCAs and three PFSAs (Figure 

4). In total, 4 different sets of sea spray chamber experiments with PFAAs were conducted. The first 

set of experiments was performed with ultrapure water that contained only sodium chloride (salinity 37 

g L-1) and with a plunging jet flow rate of 3.2 L min-1. The other 3 sets of experiments were conducted 

with an artificial sea salt mix (salinity 37 g L-1) but with different plunging jet flow rates (3.2, 2.4 and 

1.6 L min-1). Each set of experiments was done in triplicate, so in total 12 experiments were conducted.  
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Figure 4. Chemical structures of the cationic surfactants (amines) studied in Paper III and anionic surfactants 

(PFAAs) studied in Paper IV.  

 

Sample preparation and chemical analysis 

 

An overview of different types of samples, sample preparation methods, and chemical analysis 

performed in Paper I-IV is presented in Figure 5. 

After each sea spray chamber experiment, SSA collected on the polycarbonate membranes were 

carefully removed from the impactor stages either in a glove box during the field campaign (Paper I 

and II) or in a fume hood with HEPA filters (Paper III and IV) and placed in test tubes. For the extraction 

of SSA samples that contained marine OM and Na+ (Paper I), ultrapure water was added to the test 

tubes and they were ultrasonicated for 20 min. SSA samples from all impactor stages were grouped in 

the sub- and supermicron fraction since it was estimated during the pilot study that the amount of OM 

collected on individual membranes for the 24-30 h chamber runs was insufficient for LC-MS analysis. 
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After the liquid extraction, SSA samples were further analysed in the same way as SS, SML and foam 

samples.  

Solid phase extraction (SPE) of marine DOM was required in order to remove the sea salt that would 

interfere with MS analysis, but also to concentrate the OM present in the seawater at relatively low 

concentrations (Carlson & Hansell, 2015). Historically, DOM has been extracted from seawater with 

nonpolar XAD resins that are able to isolate up to 65% of DOM derived from phytoplankton (Lara & 

Thomas, 1994a; Lara & Thomas, 1994b). Today, the most widely used SPE method for extraction of 

DOM uses Bond Elut PPL (Agilent) cartridges containing styrene divinyl benzene polymer, which have 

been shown to be superior compared to octadecyl (C-18) and octyl (C-8) sorbents, with an average 

recovery of 62% (Dittmar et al., 2008) The extraction procedure requires acidification of the sample to 

pH 2, which increases recovery of organic acids and phenols, while the elution from the sorbent is 

performed with methanol. Although Bond Elut PPL is well suited for the extraction of organic acids, it 

has been shown that retention is poor for highly polar compounds such as carbohydrates, while some 

highly non-polar compounds can be retained irreversibly (Hawkes & Kew, 2020). 

For the extraction of SSA samples that contained cationic surfactants (Paper III), individual membranes 

were ultrasonicated with 60:40 (v/v) methanol/water solvent. It has been shown in a previous study that 

cationic surfactants can strongly adsorb to both glass and polypropylene test tubes when stored in 

ultrapure water, so the 60:40 methanol/water is an optimal ratio to minimize the adsorption while also 

allowing initial retention of the compounds when injected into reversed-phase LC system (Kierkegaard 

et al., 2020). Compounds were separated on an Aquaty ultra-performance liquid chromatography 

(UPLC) equipped with a C-18 column (BEH, 2.1 x 50 mm and 1.7 um particle size) and measured in 

MRM mode on a triple quadrupole MS with ESI source in positive mode (Xevo TQ-S, Waters) 

(Kierkegaard et al., 2020). The mobile phase was a binary gradient of the water phase with 5% methanol 

(phase A) and methanol with 5% water (phase B), both containing 10 mM ammonium acetate. Since 

SPE was not performed during the sample preparation, a diverter valve on the LC-MS system was used, 

so that flow from the column was directed for the first 2 min of each run to the waste, minimising the 

interference of sea salt in the ESI source. Quantification of CSs was performed with an internal standard 

calibration curve method, with isotopically-labelled internal standards added at the beginning of the 

sample preparation. 

For the extraction of SSA samples containing PFAAs (Paper IV), ultrasonication with ultrapure water 

was performed. Both SSA and bulk water samples were concentrated using a weak anion exchange SPE 

(Wax, Oasis) following the procedure from a previous study (Sha et al., 2021). PFAAs were determined 

using an Acquity UPLC coupled with a triple quadrupole (Xevo TQ-S, Waters) with an ESI source in 

negative mode, based on an MRM method previously published (Benskin et al., 2012). The binary 

mobile phase gradient consisted of water containing 2 mM ammonium formate/ formic acid (phase A) 
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and methanol (phase B). PFAAs were quantified with an internal standard calibration method. 

Isotopically-labelled internal standards were added before the SPE procedure for both SSA and water 

samples. 

The Na+ analysis in Paper II and Paper IIIwas performed by inductively-coupled plasma atomic 

emission spectroscopy (Spectro Cirros CCD) while ion analysis of Na+, Ca2+ and Mg2+ in Paper IV 

was conducted with a Dionex Aquion Ion Chromatography (Thermo Scientific). In Paper II, total 

organic carbon (TOC) was determined in the subsurface water and in water extracts of SSA samples 

(sub- and supermicron) using a Shimadzu TOC-LCPH analyser. 

 

 

Figure 5. Overview of the different types of samples, sample preparation and chemical analysis performed in 

Paper I-IV. 

 

Characterisation of dissolved organic compounds with high-resolution mass 

spectrometry 

 

Marine dissolved organic matter (DOM) is one of the most complex organic mixtures present in the 

global environment, originating from different autochthonous and allochthonous sources (T. Dittmar & 

Stubbins, 2013). Electrospray ionization (ESI) combined with high-resolution mass spectrometry 

(HRMS) was the first analytical method that was able to resolve DOM to the level of individual ions in 

the full scan mode and provided the possibility to simultaneously assign thousands of ions with the 

unequivocal molecular formula (Hertkorn et al., 2013; Koch et al., 2005). However, each ion assigned 

with a molecular formula represents a mixture of different structural isomers, so the characterization of 

these molecules is still challenging (Zark & Dittmar, 2017; Zark & Dittmar, 2018).  
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The analytical method used in Paper I includes fractionation of extracted DOM with a reversed-phase 

UPLC system (Dionex UltiMate 3000) with a C-18 column (Hypersil GOLD, 100 x 21 mm, Thermo 

Scientific), coupled with a high-resolution mass spectrometer (Q Exactive HF hybrid Quadrupole-

Orbitrap). Reversed-phase LC allows the separation of organic compounds based on their different 

affinity towards the non-polar stationary phase. Previous studies using reversed-phase LC analysis of 

DOM coupled to HRMS have already shown that due to the extreme complexity of the DOM mixture, 

LC can only manage to separate different polarity fractions of DOM, without the possibility of obtaining 

individual chromatographic peaks corresponding to individual compounds (Hawkes et al., 2018; 

Patriarca et al., 2018). However, using separation before HRMS decreases the matrix complexity in the 

ESI source, allowing the detection of lower-abundant ions (Patriarca et al., 2018).  

 

 

Figure 6. An illustration of the analytical method used for characterisation of marine DOM. The method includes 

chromatographic fractionation (UPLC) followed by full-scan analysis with high-resolution MS (Orbitrap) and 

fragmentation of ions revealing an abundance of CO2 neutral losses. 

 

Following elution from the column, negative ions are produced in the ESI source, and the abundances 

of detected ions are continuously measured in the full-scan mode (150-1000 m/z), using the highest 

instrumental mass-resolution of 240 000 (at m/z=200). The mass resolution offered by Orbitrap 

instruments is lower compared to FT-ICR-MS instruments, which are commonly used in the 

characterization of DOM in seawater and SSA (Hertkorn et al., 2013; Hertkorn et al., 2006; Schmitt-

Kopplin et al., 2012). However, it has been shown that Orbitrap-MS can resolve the most abundant 
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CHO, CHON and CHOS compounds, which allows Orbitrap-MS to detect DOM compositional 

differences in a similar way to FT-ICR-MS instruments (Hawkes et al., 2020; Hawkes et al., 2016). 

MS fragmentation is commonly used to obtain more information about the structure of detected ions. 

Analysis of neutral losses is a useful approach for determining the functional groups present in the 

fragmented ions. Studies that demonstrated fragmentation of marine DOM are limited, but overall these 

few studies observed the abundance of CO2, H2O and CH4O neutral losses (Niggemann et al., 2015; 

Witt et al., 2009; Zark et al., 2017). Some neutral losses are not very specific, so, for example, neutral 

loss of H2O can occur by the removal of a carboxyl or hydroxyl group. Neutral loss of CO2 is more 

specific and indicates the removal of carboxyl groups. It is also common that for one ion multiple neutral 

losses of CO2 are observed, which implies that ions contain more carboxyl groups (Niggemann et al., 

2015; Witt et al., 2009; Zark et al., 2017). CH4O neutral loss shows the removal of a methoxy group, 

which can indicate the presence of the methyl ester functional group. The complexity of a DOM mixture 

represents a challenge in fragmentation studies since the chromatographic separation is incomplete and 

fragmenting all ions from full-scan spectra would result in equally complex MS2 spectra, without the 

possibility to assign ion fragments to specific precursors. Therefore, previous studies usually selected a 

limited number of ions detected from full-scan spectra for fragmentation (Niggemann et al., 2015; Zark 

et al., 2017). In Paper I, an approach was used where, during a chromatographic run, ions in the m/z 

range 395-412 were continuously isolated via quadruple and then fragmented with higher energy 

collision dissociation (HCD) using 35 V collision energy. The MS2 spectra were continuously recorded 

with the highest instrumental resolution (240 000). The mass range was chosen so it contained ions with 

the highest abundance within full-scan mass spectra, but was  narrow enough (18 Da) to prevent the 

overlap between precursor ions at the lower end of the mass range and fragments that occurred due to 

loss of water from precursor ions at the higher end of the mass range.  

Assignment of detected ions with molecular formulas was 

conducted with the R-based software package MFassign 

(Schum et al., 2020). The software performs multiple 

functions such as noise removal in the mass spectra, 

recalibration of the m/z data, and detection of isotopes and 

homologous series resulting in the assignment of 

unequivocal molecular formula (Schum et al., 2020). The 

assignment of thousands of molecular formulas from a 

single mass spectrum has led to various approaches for 

their interpretation. Van Krevelen diagrams are a 

convenient way of representing complex mass 

spectrometry data so that each assigned molecular 

formula is plotted based on its atomic H/C and O/C ratio 

Figure 7. Van Krevelen diagram where each 

molecular formula is plotted based on its 

atomic H/C and O/C ratio. This figure 

illustratively shows one of the seawater samples 

analysed in Paper I. 
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(D’Andrilliet al., 2015; Laszakovits & MacKay, 2022). Through diagrams, it is possible to also follow 

the changes in molecular composition so that, for example, hydrogenation can be observed as a shift of 

the formulae upwards and oxidation is observed as a shift to the right. More specifically, the addition 

of carboxyl functional groups, which contain both oxygen and double bonds, will result in the shift to 

the lower right side. Since some classes of compounds can have specific H/C and O/C ratios they can 

be assigned to a specific part of the diagram, for example, fatty acids which have high H/C and low O/C 

values will be observed in the upper left part of the diagram (D’Andrilliet al., 2015; Laszakovits & 

MacKay, 2022). Based on the relative abundance of each assigned molecular formula in the mass 

spectra, different weighted average metrics such as weighted average molecular weight (MW), O/C or 

H/C values can be used in the characterisation of the samples (Hawkes et al., 2020). If X is the metric 

(O/C, H/C and MW) for n number of compounds with ion intensity of I, then the weighted average 

metric Xwa is calculated based on the following equation: 

𝑋𝑤𝑎 =
∑ 𝑋𝑘
𝑘=𝑛
𝑘=1 𝐼𝑘
∑ 𝐼𝑘
𝑘=𝑛
𝑘=1
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Summary of the main results 
 

 

 

Fractionation of DOM between SS water, SML, foam and SSA (Paper I) 

 

By analysing different types of samples collected during the field campaign in the North Atlantic (Faroe 

Islands) distinctive differences in DOM composition were observed between subsurface water, surface 

microlayer and sea spray aerosols. Figure 8 shows an example of total ion chromatograms (TIC) for 

each of the samples collected at the end of the campaign. While methods that perform online 

chromatographic fractionations of DOM coupled to high-resolution MS analysis were developed in the 

past (Hawkes et al., 2018; Patriarca et al., 2018), this approach has never been applied in the analysis 

of SSA samples. The method appeared to be convenient, due to distinctive differences in polarity 

fractions that were observed between different types of samples. As can see from Figure 8, while SS 

water and SML showed a high abundance of more polar fractions which elute earlier, the least polar 

fraction was much more abundant in SSA and foam. Analysis of van Krevelen diagrams showed that 

more polar fractions (more characteristic for SS and SML) were abundant with compounds with 

relatively higher O/C and lower H/C values, while less polar fractions (characteristic for foam and SSA) 

contained compounds with relatively higher H/C and low O/C values.  

 

 

Figure 8. Total ion chromatograms for each type of sample, collected on the same day during the North Atlantic 

campaign, 21st June 2019.  
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This was also reflected in weighted average H/C and O/C values for all 3 polarity fractions (Figure 9).  

It was observed that SS water had the highest average O/C and lowest H/C values, which were then 

gradually changing from the SML, to the foam, and finally to the SSA as the end member of this trend. 

The prevalence of compounds with H/C> 1.25 and O/C<0.5 values in SSA samples corresponds to other 

studies that analysed SSA with HRMS (Schmitt-Kopplin et al., 2012; Willoughby et al., 2016). 

Compounds with the highest H/C and lowest O/C values were identified in SSA and foam samples, and 

based on their position in the van Krevelen diagrams, this pattern is indicative of fatty acids and lipid-

like compounds (D’Andrilli et al., 2015; Kim et al., 2003; Laszakovits & MacKay, 2022).  

 

 

Figure 9. Weighted average H/C and O/C values for each polarity LC fraction and each type of sample. Values 

represent the average value for all samples collected during the campaign.  

 

MS fragmentation of SS, SML, and SSA samples for the m/z range 395-412 revealed that DOM 

compounds exhibited 1-4 neutral losses of CO2 implying a high abundance of carboxyl functional 

groups (Figure 10). Other types of neutral losses that were observed were neutral losses of CO2 

combined with H2O and CH3OH (Figure 10). When removal of CO2 groups occurs in the fragmentation 

of CHO ions, this leads to the fragment ion where negative charge most probably stays on the remaining 

carboxyl or alcohol group (Witt et al., 2009). This means that for a range of 1-4 CO2 neutral losses, the 

maximum number of carboxyl group per molecule is in the range of 1-5. The results are in agreement 

with other studies that conducted fragmentation of DOM compounds, including riverine, refractory and 

microbially derived DOM (Niggemann et al., 2015; Witt et al., 2009; Zark & Dittmar, 2018). The 

similarity in DOM fragmentation patterns implies similar biotransformation processes for these 

compounds in different aquatic environments leading to similar functionality, but potentially different 

structural isomers (Zark & Dittmar, 2018). Compared to full-scan analysis, isolation of the specific 

mass range followed by fragmentation appeared to be more sensitive to compounds with higher O/C 

and lower H/C values. The fragmentation experiment showed good agreement between H/C and O/C 

ratios and the number of CO2 neutral losses, which means that the molecular formula can be used as a 

good indicator of the number of carboxyl groups in the molecule. 
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Figure 10. Van Krevelen diagrams of molecular formulae for the subsurface water sample (polarity fraction B) 

based on the type of neutral losses that was observed. If multiple numbers of CO2 neutral losses were detected for 

a given molecular formula (1-4), then the maximum number of CO2 neutral losses is plotted. 

 

Combining the results from full-scan and fragmentation analysis, it can be concluded that the 

enrichment mechanism of DOM compounds is significantly driven by the number of carboxyl groups. 

Molecular formulas that contain fewer carboxyl groups (high H/C and low O/C) have a higher 

probability to possess an amphiphilic structure with higher surface activity and will be therefore more 

easily transported to SSA. This is the reason for the high abundance of polarity fraction C in SSA 

samples. On the other hand, molecular formulae that contain more carboxyl groups (high O/C and low 

H/C ratio) will more likely result in structural isomers that are overall hydrophilic and less surface-

active, so they will preferably remain in the water phase.  This is the reason why polarity fractions A 

and B are more abundant in the SS and SML samples. 

 

Influence of biological activity on the composition of SSA (Paper I and II) 

 

Following the progression of a phytoplankton bloom for 18 days, seawater concentrations of 

chlorophyll a increased approximately from 1 to 3 µg L-1, which indicates that the initial phase of the 

bloom development was studied (H. Debes et al., 2008). 

TOC/Na+ ratios for submicron SSA were in the range 0.08 to 0.22, while for the supermicron TOC/Na+ 

ratios were between 0.005 and 0.008 (Figure 11), with no clear trend for a given period. TOC/Na+ ratios 

for supermicron SSA were comparable to the lower end of the range of values reported in other studies 

(Bertram et al., 2018). For the submicron SSA, TOC/Na+ ratios were closer to values reported for 1 µm 

SSA (Bertram et al., 2018), which is probably the result of pooling the SSA samples in two fractions. 



24 
 

Enrichment factors of TOC relative to bulk water were in the range 300-1800 for submicron SSA, and 

24-36 for supermicron SSA. Results for submicron SSA are comparable, but at the lower end for those 

reported in previous studies, which typically report higher values, i.e. >1000, for different ranges of 

submicron SSA (Quinn et al., 2015). An increasing trend was observed in the enrichment factors in the 

second part of the campaign, but that increase was the result of the sharp decrease in seawater TOC 

towards the end of the campaign, while the TOC/Na+ ratios in the SSA did not change significantly.  

In addition to fairly constant TOC/Na+ ratios during the progression of the bloom, no apparent changes 

in the number concentration of SSA were observed in the headspace of the sea spray chamber. Also, 

critical super saturation (CCs) of SSA did not show any significant trend, which indicates that the bloom 

did not affect the CCN properties of sea spray aerosols. 

 

Figure 11. Changes in TOC/Na+ ratios and enrichment factors for SSA total organic carbon during the field 

campaign. 

 

While a clear trend in the TOC/Na+ ratios for SSA samples was not observed, analysis by HRMS 

revealed a clear pattern in compositional changes for DOM for SS water, SML and SSA samples. It 

was shown that compounds with higher H/C and lower O/C values were positively correlated with 

seawater chlorophyll a concentrations, while compounds with higher O/C and lower H/C showed a 

negative correlation trend (Figure 12). The highest percentage of correlated compounds was observed 

in the least polar fraction C of SML (85%) and SSA (78%).  

Most of the positively correlated compounds in all three types of samples had H/C > 1.25 and O/C < 

0.7. This finding is in agreement with studies that showed that a more labile portion of DOM has overall 

H/C>1.5 and O/C<0.7, which corresponds to lipid-like and protein-like regions of van Krevelen 

diagrams (Bhatia et al., 2010; D’Andrilli et al., 2015) 

Since correlated compounds were found in the highest percentage in the least polar fraction C of SML 

and SSA, where they showed the highest  H/C and lowest O/C ratio of all compounds, it was concluded 
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that the bloom produced surface-active compounds, with a lipid-like structure that contained fewer 

carboxyl groups. These substances were considered to have suitable properties for enrichment on SSA.   

 

 

Figure 12. Spearman’s correlation between sum-normalised ion intensities and chlorophyll a concentrations in 

the seawater during the field campaign. Results are shown for the least polar fraction C, where the highest 

percentage of correlated compounds was observed. Correlation is shown only for ions with Spearman’s 

coefficient > 0.3 or < -0.3, with “N” being their total number. 

 

Enrichment behaviour of cationic surfactants (Paper III) 

 

Enrichment factors of CSs in SSA of 100 to 105 were observed in lab experiments conducted with the 

sea spray chamber (Figure 13). The selected CSs were six amines with different alkyl chain lengths and 

types of functional groups. Differences in enrichment factors were most significantly influenced by the 

alkyl chain length of the CSs. Surfactants with longer alkyl chains had higher enrichment on SSA due 

to their stronger surface activity. This trend was observed for both primary amines (EFP16  >  EFP12  > 

EFP9) and tertiary amines (EFT13  >  EFT10). The type of amine functional group also affected the 

enrichment, and a higher enrichment of primary amines was observed compared to the enrichment of 

tertiary amines, which corresponds to the higher surface activity of primary amines. However, a 

quaternary amine with a shorter alkyl chain length (Q14) showed stronger enrichment than a primary 

amine with a longer alkyl chain (P16), which was not expected from the comparison of their surface 

activities. It was hypothesised that the ionic strength of chamber water could have influenced the 

adsorption kinetics of amines (Qazi et al., 2020) which caused quaternary amines to be more enriched, 

but further experiments are needed to understand this observation. 
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Figure 13. SSA enrichment factors of different amines (P-primary, T- tertiary, Q- quaternary) with numbers 

indicating alkyl chain length. Box-whisker middle lines represent the median and lower and upper hinges 

corresponding to the first and third quartiles. Box whisker lines show the smallest and largest value within 1.5 

times of interquartile range. 

 

By increasing the water concentration of amines in the chamber, an overall linear trend with their 

concentrations in produced SSA was observed. This implies that the enrichment of CSs in SSA is not 

affected by their water concentration, which was also confirmed by a lack of any consistent trends in 

EFs values with changes in water concentrations of CSs. However, for the highest level of water 

concentrations of CSs, a decrease in the enrichment of some CSs in the submicron SSA range was 

observed. This observation could be an indication that saturation of the SML occurred since submicron 

particles are more likely to reflect the organic composition of SML.  

 

For the two successive increases in the plunging jet flow rate, an increase in the average enrichment 

factors of all investigated CSs was observed, with a percentage increase from 14-208%. Increasing the 

plunging jet flow increases the amount of entrained air, which results in a higher number of rising 

bubbles and a higher amount of organic material that is transported to the SML (Christiansen et al., 

2019; Tseng et al., 1992). This process could potentially increase the enrichment of CSs in the SML, 

which then could be further reflected in enrichment in the SSA. However, an increase in plunging jet 

flow also prolongs the bubble path length, which increases the amount of surfactants scavenged through 

the water column. This was also indicated in previous studies (Blanchard et al., 1981; Chingin et al., 

2018) which investigated the enrichment of organic material in supermicron jet droplets. In addition to 

studies by Blanchard et al. (1981) and Chingin et al. (2018), an increase in the enrichment for CSs was 

observed in both submicron and supermicron range, which implies that increased plunging jet flow has 

affected both film and jet droplets. The effect of the increased bubble path length was least evident for 

the highest water concentrations of CSs with the strongest surface activity (P16 and Q14). This 

observation could be explained by the potential saturation of the bubble surface or air-water interface, 
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which then makes changes in bubble path length less effective in changing the enrichment of 

surfactants.  

 

The addition of an aquatic humic acid (HA) standard led to a modification of enrichment behaviour, 

probably due to interactions between CSs and OM. The addition of HA decreased the enrichment factors 

for the two CSs with the longest alkyl chains (P16 and P14), while the enrichment was increased for all 

other studied CSs (Figure 13). A decrease in EFs for P16 was specifically pronounced resulting in lower 

EFs compared to the amines with shorter alkyl chains, i.e., P12 and T13 (Figure 13). Previous studies 

have shown that interactions between the negatively charged carboxyl groups present in HA and 

protonated amino groups in CSs result in the formation of neutral complexes that lower the solubility 

of CSs and increase their surface activity (Chaaban et al., 2021; Gamboa & Olea, 2006). This 

phenomenon could be a plausible explanation for the increased EFs for CSs with shorter alkyl chains 

(C9-C12). Chaaban et al. (2021) also observed that interaction of HA with the longest-chain CSs in 

their study (Q14) resulted in specific conformational changes in the alkyl-side chain, which caused the 

surface activity to decrease compared to the HA/CS complexes of shorter-chain CSs (C10 and C12). 

This could be a potential explanation for the decrease in EFs that was observed for the longest-chain 

CSs in this study (P16 and Q14). 

 

Enrichment behaviour of PFAAs (Paper IV) 

 

Similar to previous studies of that measured the enrichment of different PFAAs in SSA (Johansson et 

al., 2019; Sha et al., 2021), it was observed that enrichment of PFAAs in SSA increased with the number 

of perfluorinated carbons (NPCs). The extent of enrichment of PFAAs on air-water interfaces and thus 

on SSA is determined by the surface activity of the PFAAs, and surface activity is known to increase 

proportionally with the NPCs for each subclass of PFAAs. Enrichment was also consistently higher in 

the submicron SSA particle size range compared to the supermicron range, which was also observed in 

previous experiments (Johansson et al., 2019; Sha et al., 2021).  

The addition of inorganic salts that are commonly present in seawater (i.e., MgCl2 and CaCl2) led to an 

increase in the enrichment on SSA, but the effect was not consistent for all PFAAs. A statistically 

significant increase (t-test, p < 0.05) was found for longer chain PFCAs with NPC from 8-11 and also 

for PFHxA (NPC=5). For these PFAAs, EFs increased on average by 14-125 %. No significant 

difference was observed for other PFCAs (NPC=4, 6 and 7) and PFSAs (NPC= 4, 6 and 8), although 

they showed a slight increase in EFs with artificial sea water (from 5-13%). Several authors have 

hypothesised that the interaction of divalent ions with carboxylic and sulfonate functional groups in 

PFAAs and other organic compounds leads to the formation of neutral complexes with increased 

hydrophobicity and thus surface activity (Cochran et al., 2016; Li et al., 2022). A previous study that 
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tested this effect on the enrichment of PFAAs in SSA compared water matrices with NaCl and MgCl2 

and observed an increase for all investigated PFCAs (NPC= 4-10), but a decrease for PFASs  (Li et al., 

2022). Contrastingly, in this study a slight increase in EFs for 2 of the PFSAs (NPC 4 and 8) was 

observed, although was not statistically significant. The presence of Ca2+ ions in the artificial sea salt 

mix may have led to stronger interactions between Ca2+ ions and PFSAs compared to the interactions 

between Mg2+ ions and PFAAs (Kennedy et al., 2004; F. Wang & Shih, 2011). It has been shown 

previously that interactions between Ca2+ and Mg2+ ions and carboxylate functional groups increased 

the enrichment of carboxylic acids in SSA, with higher enrichment observed for Ca2+ ions because it 

was hypothesised, they interacted more strongly with the carboxyl group compared to Mg2+ ions 

(Cochran et al., 2016; Vazquez et al., 2021). These previous findings are consistent with the results in 

Paper IV, where both Ca2+ ions (EFs = 1.11-2.34) and to a smaller extent Mg2+ ions (EFs = 0.96-1.28) 

were enriched relative to Na+ ions. 

 

 

Figure 14. Changes in enrichment factors for perfluorodecanoic acid (PFDA) in laboratory-generated SSA. On 

the left, changes are observed in sea spray chamber experiments with different compositions of inorganic salts in 

the chamber water. On the right, changes are observed in experiments with different plunging jet flow rates which 

are used to generate SSA. Enrichment factors are shown as mean values from triplicate chamber experiments for 

different stages of the impactor (d50)  

 

An increase in the plunging jet flow rate was shown to increase the enrichment of PFAAs, which was 

also observed for CSs in Paper III and is consistent with previous studies that examined this effect for 

jet drops (Blanchard et al., 1981; Chingin et al., 2018). A statistically significant increase in the EFs 

(t-test, p < 0.05) was observed for the highest plunging jet flow rate (3.2 L min-1) compared to both 

lower plunging jet flow rates (1.6 and 2.4 L min-1) for all PFAAs except for PFPeA. On average, EFs 

increased by 43-88%. However, a significant change in the enrichment was not observed between two 
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lower plunging jet flow rates (1.6 and 2.4 L min-1). It is unclear why this effect was not linear and 

only occurred for the highest plunging jet flow. An increase in the EFs for the highest plunging jet 

rate was more prominent in the submicron SSA range. An increase in the flow rate would both 

increase the number of entrained air bubbles and also prolong their bubble path (Christiansen et al., 

2019; Fuentes et al., 2010). Both of these effects would cause a higher amount of scavenged organic 

matter to be transported to the SML (Tseng et al., 1992). This would result in an increased enrichment 

of surfactants in the SML which would more likely be reflected in the enrichment of submicron SSA. 
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Conclusions and Future Perspectives 
 

 

 

Paper I showed that compositional changes in the DOM in subsurface water and in the surface-

microlayer during the progression of a phytoplankton bloom were clearly reflected in the DOM 

composition of SSA. Changes in the average O/C and H/C ratios, which indicate the increase of lipid-

like structures with fewer carboxylic groups can change the SSA's physical and optical properties (i.e., 

surface activity, viscosity, and light absorptivity), which could have implications for their direct and 

indirect effects on climate (Pöschl et al., 2016; Phillips & Smith, 2014; Rothfuss & Petters, 2017). 

Numerous previous studies have shown that particulate organic matter, which is preferably transported 

to the SSA, originates from freshly produced biomass and phytoplankton exudates (Facchini et al., 

2008; O’Dowd et al., 2004), while the dissolved organic fraction transported to SSA is considered 

overall refractory and invariant (Ceburnis et al., 2016; Quinn et al., 2014). This study showed that the 

current understanding could be somewhat oversimplified. Burrows et al. (2014) indicated that different 

ocean regions experience blooms with different compositions of OM, which in turn have varying 

potential to be transported to SSA. From that perspective, there is a need for future studies that would 

monitor the enrichment of biogenic compounds generated during blooms for different ocean regions 

and different seasons.   

Paper II showed that despite the compositional differences in the OM in SSA, the overall OM/Na+ 

ratios in SSA remained similar while also there was no overall changes in their CCN activity. This 

observation could have been due to the weaker bloom condition during the campaign indicated by the 

low chlorophyll a concentrations (1 - 3 ug L-1). While observed compositional changes in OM did not 

result in a change in the CCN activity of nascent SSA, variations in the chemical composition could 

still affect their further atmospheric processing and the fate of secondary aerosol. From that perspective, 

it would be important to simultaneously investigate the biological effects of phytoplankton, together 

with different atmospheric effects, in order to fully understand the climate implications of this process.  

Paper III demonstrated that cationic surfactants are highly enriched on SSA in lab experiments, which 

indicates that SSA could be a significant source of CSs to the atmosphere. There is limited knowledge, 

however, of the environmental fate and concentration of anthropogenic CSs in the ocean and thus more 

research along these lines is needed to put the experimental findings into their proper perspective. The 

increase in the EFs with increasing plunging jet flow rate indicates that this effect must be accounted 

for when modeling the transport of organic substances on SSA. In an ideal model, wind speed should 

be related to breaking waves, which should in turn be related to bubble path lengths and enrichment 
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factors. In addition to the prolonged bubble path, increased plunging jet flow changes also other 

parameters such as number of rising bubbles and their size distribution (Stokes et al., 2013), which 

potentially could also affect the enrichment of surfactants in SSA. To distinguish between the effect of 

bubble path length and the number of rising bubbles, different experimental setups would be required, 

such as frits that can produce air bubbles with different air flows but with the same bubble path length. 

Potential changes in bubble size distribution could affect the ratio of produced jet and film drops (De 

Leeuw et al., 2011) which then could affect the enrichment of CSs. This should be investigated by 

monitoring the changes in SSA size distribution together with changes in bubble size distribution at the 

air-water interface. The observation that even less surface active substances can be affected by increases 

in the plunging jet flow rate means that this effect must be considered for a wide range of biogenic and 

anthropogenic organic substances. Interactions between the CSs and dissolved humic acid demonstrate 

that OM modifies the transport of CSs from the ocean to the atmosphere. Besides the effect of dissolved 

OM, CSs are known to interact strongly with particulate OM, so future SSA studies need to explore this 

effect in more detail. 

Paper IV provided an improved mechanistic understanding of the enrichment of different PFAAs in 

the presence of inorganic salts ubiquitous in seawater. Seawater increased EFs most prominently for 

long-chain PFAAs, while shorter-chain compounds were less affected. Therefore, lab-based 

experiments studying the enrichment of organic substances on SSA conducted with an artificially-

generated NaCl water matrix provide a reasonable approximation of the enrichment in real seawater for 

shorter-chain PFAAs, while for longer-chain PFAAs, the effect of other inorganic salts should be 

considered. In addition to this, other constituents of seawater such as the OM may affect the enrichment 

of PFAAs, as shown for CSs in Paper III, and should be explored in future studies. It is hypothesized, 

however, that OM will not have such a large effect on the enrichment for PFAAs compared to CSs 

because the anionic PFAAs will have repulsive electrostatic interactions with the negatively charged 

organic matter. Increasing the plunging jet flow rate affected the enrichment more significantly than 

varying the seawater inorganic salts, and this effect could also be the reason for the discrepancy between 

the EFs from previously conducted lab and field studies. Since an increased enrichment was only 

observed for the highest plunging jet flow and not for two lower jet flow rates, future studies could 

explore the linearity of this process by studying a large number of different plunging jet flow rates. 
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