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Abstract 

The sea surface microlayer (SML) is a biologically rich interface that plays a critical role in 

regulating air–sea exchange, yet its surfactant properties remain under-characterised. This 

thesis investigates the dynamics of surface-active substances (SAS) through two 

complementary approaches: (1) evaluating storage protocols and analytical methods to 

preserve and quantify surfactant signatures, and (2) using surface tension (ST) and surfactant 

activity (SA) measurements to assess spatial and seasonal variability in SML film coverage 

(Δσ) across coastal and open-ocean settings. In Chapter 2, this thesis demonstrates that 

reliable characterisation of SAS depends critically on both the analytical technique and 

storage method. Tensiometry proved sensitive to total interfacial behaviour, while 

voltammetry offered specificity for electroactive species, particularly when using a multiple 

deposition-time calibration. Among storage approaches, deep-freezing at −80 °C using rapid 

(snap) freezing in large-volume (60 mL), low-adsorption containers most effectively 

preserved surfactant properties. By contrast, gradual cooling to −80 °C in small-volume 

vials, as well as refrigeration at 4 °C, resulted in greater variability or loss of surfactant 

activity. Filtration removed substantial amounts of SAS. Together, these findings confirm 

that only unaltered, native SML samples enable robust interpretation of interfacial dynamics. 

In Chapter 3, we addressed the critical lack of seawater surface-tension data by measuring 

ST in sea surface microlayer samples and calculating Δσ over two years in the coastal 

English Channel, and along a 6000 km open-ocean transect. Weekly coastal time series 

showed strong seasonal cycles, with Δσ rising during phytoplankton bloom progression. 

Phytoplankton biomass emerged as the strongest predictor of film coverage (r = +0.50), 

while nitrate drawdown (r = –0.31) indicated that surfactant enrichment intensified as 

inorganic nitrogen became depleted. Sea surface temperature also showed a significant 

positive correlation with Δσ (r = +0.32), while physical and hydrological variables such as 

wind, river discharge, chlorophyll-a, and DOC played secondary or non-significant roles. 

Open-ocean film coverage was weaker and more spatially uniform, consistent with 

oligotrophic conditions. Taken together, these findings advance our understanding of SML 

surfactant dynamics and confirm that surfactant enrichment is orchestrated by phytoplankton 

blooms developing under nitrate-limited, warm, and seasonally stratified conditions, with 

biomass emerging as the most reliable proxy. This thesis provides a validated framework for 

sample preservation, a dual-method analytical approach, and new insight into the controls 

on biologically active surface films—findings that are crucial for improving air–sea 

exchange modelling and the representation of the SML in future ocean scenarios. 
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List of Acronyms  

% percentage 

°C degree Celsius 

°N north 

°S south 

Ag/AgCl silver/silver chloride 

AMT Atlantic Meridional Transect 

C carbon 

Ca calcium 

CCi capacitive current 

CDOM chromophoric dissolved organic matter 

cells mL⁻¹ cells per millilitre 

CH₄ methane 

cm h⁻¹ centimetre per hour 

cm² square centimetre 

cm³ cubic centimetre 

CO₂ carbon dioxide 

CONNECT Pan-Atlantic Connectivity of Marine Biogeochemical Processes / Impact of 

Anthropogenic Pressures 

CTD conductivity, temperature, and depth sensor 

CVAO Cape Verde Atmospheric Observatory 

DMS dimethyl sulfide 

CMC    critical micelle concentration  

DOC dissolved organic carbon 

DOM dissolved organic matter 
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EF enrichment factor 

FA fatty acid 

GC-MS gas chromatography–mass spectrometry 

GFF glass fiber filter 

HCl hydrochloric acid 

HMDE hanging mercury drop electrode 

IQR inter-quartile range 

K potassium 

KCl potassium chloride 

kg L⁻¹ kilogram per litre 

Km / km kilometre 

L litre 

MILAN Sea Surface Microlayer at Night 

MRC mass flow controller 

µg L⁻¹ microgram per litre 

µL microlitre (1 × 10⁻⁶ litres) 

µm micrometre 

µM micromolar (1 × 10⁻⁶ mol) 

µmol L⁻¹ micromole per litre 

NOM natural organic matter 

OVOC oxidised volatile organic carbon 

PAH polyaromatic hydrocarbon 

PFA perfluoroalkoxy alkane plastic 

PML Plymouth Marine Laboratory 

POC particulate organic carbon 

SA surfactant activity / surface area (context-dependent) 

SAS surface-active substances 
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SCCM standard cubic centimetres per minute 

SML sea surface microlayer 

SLPM standard litres per minute 

SPE solid phase extraction 

SST sea surface temperature 

ST surface tension  

TEP    transparent exopolymer particles  

TOC total organic carbon 

ULW underlying water 

VOC volatile organic carbon 

WCO Western Channel Observatory 
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Chapter 1: Introduction and Literature Review  

1.1 Background and Global Context 

The ocean plays an essential role in global climate regulation by absorbing approximately 

25–30 % of anthropogenic CO₂ emissions and about 90 % of the excess heat generated by 

greenhouse gases (IPCC, Pörtner et al., 2019). This immense capacity for heat and carbon 

sequestration positions marine ecosystems as critical natural regulators of Earth’s climate 

system (Henson et al., 2017). Because both heat and greenhouse gases must cross the air–

sea interface to be taken up by the ocean, the properties of the surface microlayer (SML)—

the uppermost millimeter of the ocean—are key in modulating these exchanges (Liss et al., 

2005). Recent studies have attempted to quantify the magnitude of SML-driven effects on 

air–sea CO₂ transfer, demonstrating that biologically derived surfactants can suppress gas 

exchange velocities by up to ~30 % under natural conditions (Pereira et al., 2018). Recent 

modeling efforts have highlighted the importance of integrating ocean-derived organic 

aerosols—especially sea spray enriched with surfactants—into Earth system models. For 

example, the OCEANFILMS parameterization, which includes Langmuir-type behavior of 

surface-active compounds, indicates that organic surfactants in sea spray can increase cloud 

condensation nuclei (CCN) concentrations by up to 30 cm⁻³ in the Southern Ocean, leading 

to a global radiative cooling effect of –0.36 W m⁻² (Burrows et al., 2022). Since sea spray 

forms at the air–sea interface, the chemical and physical characteristics of the SML influence 

the enrichment of surfactants and hence play a direct role in shaping aerosol composition 

and its climate-relevant properties (Wurl et al., 2011). 

Beyond CO₂, the ocean exchanges a wide range of climate- and air-quality-relevant gases—

including dimethyl sulfide (DMS), volatile organic compounds (VOCs), and ozone—with 

the atmosphere. The SML can mediate these fluxes through its enrichment in organic 

material and surfactants, influencing both exchange rates and chemical speciation (Wurl et 

al., 2011; Liss et al., 2005). Furthermore, the SML is a site of photochemical processes, such 



24 
 

as reactions between ozone and iodide or photosensitized oxidation, producing volatile 

species (e.g., isoprene), a highly reactive biogenic hydrocarbon that can influence 

atmospheric oxidative capacity and can contribute to secondary organic aerosol formation, 

thereby affecting atmospheric chemistry and aerosol processes (Carpenter & Nightingale, 

2015; Ciuraru et al., 2015). 

Coastal and open-ocean ecosystems contribute significantly to global biogeochemical 

cycles, including nutrient cycling and primary production. Perturbations in these systems—

driven by warming, acidification, deoxygenation, and eutrophication—can profoundly 

impact ocean functionality and associated climate feedbacks (IPCC, Pörtner et al., 2019; 

Doney et al., 2012). Such climate-driven alterations in biological productivity, organic 

matter cycling, and microbial activity are also expected to influence processes operating at 

the air–sea interface, particularly within the surface microlayer (SML), where 

biogeochemical transformations are tightly coupled to exchange processes. These alterations 

may also affect the composition, structure, and microbial dynamics of the surface microlayer 

(SML), which in turn modulates air–sea exchange of climate-active gases (including CO₂, 

dimethyl sulfide, and other trace greenhouse gases) and organic matter (Wurl et al., 2017). 

Understanding how biogeochemical shifts influence the SML is thus critical for predicting 

changes in gas fluxes and feedbacks under ongoing global change. The surfactant-enriched 

layer or “sea surface microlayer (SML)” present on the ocean's surface is a system that 

remains largely uncharacterized. Surfactants in the SML contribute to a reduction in the air-

ocean transfer of CO₂ and other environmental gases, presenting the possibility of decreasing 

the gas transfer velocity of CO₂ by up to 50 % (Nightingale, 2013; Salter et al., 2011).The 

concentration of naturally occurring organic molecules, including carbohydrates, proteins, 

and lipids, alters the chemical and physical characteristics of the sea surface (Gade et al., 

2006; Hühnerfuss, 2006) and influences biogeochemical cycles (Wurl et al., 2009; Wurl et 

al., 2011; Cunliffe et al., 2013; Drozdowska et al., 2017). 
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In sum, marine ecosystems are not only fundamental to carbon and heat dynamics but also 

crucial in modulating atmospheric chemistry and cloud formation processes. Understanding 

the roles and mechanisms of natural surfactant dynamics at the ocean surface is therefore 

critical for more accurate climate projections and Earth system modeling 

1.2 Overview of the Air–Sea Interface 

The air–sea interface is governed by a complex boundary layer system, consisting of viscous 

sublayers on both air and water sides, which control the exchange of heat, momentum, and 

gases (Liss & Slater, 1974; Turney & Banerjee, 2013). The sea surface microlayer (SML) is 

a biologically active, gelatinous biofilm at the air–sea interface, fostering unique microbial 

communities and mediating key ecological processes (Cunliffe et al., 2013; Wurl et al., 

2017). This uppermost layer, typically 1–1000 µm thick, hosts specialized microbial 

assemblages—including bacterioneuston and virioneuston—that are distinct from the 

underlying water column (Cunliffe et al., 2013). Recent studies indicate that these SML 

communities can be enriched 10–1000× compared to subsurface waters, depending on 

environmental conditions (Wurl et al., 2017). These structural components of the SML play 

an important role in defining its physicochemical identity. 

The sea surface microlayer (SML) refers to the boundary region between the ocean and the 

atmosphere, where the exchange of substances is regulated by intricate physicochemical 

mechanisms (Liss and Duce, 1997). It contains distinct sublayers, namely the viscous 

sublayer with a thickness of more than 1000 µm, the thermal sublayer with a thickness of 

500 µm, the diffusion sublayer with a thickness of 50 µm, and the surface nanolayer (Figure 

1). The viscous sublayer refers to a very small zone inside a fluid flow characterized by 

laminar behaviour, where the vertical velocity of water is linearly suppressed (McLeish et 

al., 1975). The thermal sublayer, commonly called the ‘cool skin,’ makes the sea surface 

cooler than the underlying water by up to 0.4 K under low wind speeds, and by up to 0.2 K 

under strong wind conditions (Saunders 1967; Horrocks et al. 2003). The presence of the 
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diffusion sublayer plays a crucial role in facilitating the movement of gases between the 

atmosphere and the ocean, while simultaneously impeding the transmission of organisms 

(Azam 1998). The surface nanolayer is the thinnest sublayer at the nanoscale which is rich 

in surfactants and organic compounds and has a significant impact on air-sea interactions. 

Material from the underlying sea surface water (ULW) is transported to the SML via a 

process of bubble scavenging. Bubbles convey ULW substances to the ocean's surface as 

they rise through the water column (Tseng et al., 1992). These materials tend to stay in the 

SML when they reach the surface due to their interactions with the gel layer and surface-

active properties. This phenomenon not only facilitates the concentration of substances on 

the surface of the ocean but also contributes to the rapid reformation of the SML after 

disruption caused by wave breaking, as the bubbles formed by the breaking waves 

effectively gather the compounds and transport them back to the ocean's surface. Additional 

input of material to the SML also comes from the atmosphere via wet or dry deposition, 

including both anthropogenic pollutants like PAHs and naturally occurring organic 

molecules (Laha et al., 2009). Surfactants in the SML can increase the solubility of otherwise 

insoluble organic pollutants (Cincinelli et al., 2001). 
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Figure 1: An illustration of the layering and general processes occurring in the SML and its interactions with 

surrounding systems. Based on Soloviev and Lucas (2014) and Cunliffe et. al. (2013). 

 

 

The sea surface microlayer (SML) contains surfactants that have the potential to form 

volatile organic compounds (VOCs) at the ocean surface. The presence of dissolved organic 

matter (DOM) on the ocean's surface, combined with exposure to solar radiation, stimulates 

photochemical activity inside the surface microlayer. UV radiation can destroy DOM, 

resulting in the formation of smaller volatile organic compounds (VOCs), such as isoprene, 

low-molecular-weight aldehydes, ketones, and short-chain hydrocarbons (Cunliffe et al., 

2011). These VOCs play a crucial role in supporting biological activity within the SML, as 

they can be utilized by microorganisms. Furthermore, the VOCs generated through these 

photochemical reactions have the potential to form secondary organic aerosols (SOA) when 

oxidized in the atmosphere and to influence atmospheric oxidative capacity and cloud 

condensation nuclei formation (Zhou et al., 2014; Brüggemann et al., 2018). SOA affect the 

radiative properties and lifetime of clouds, which in turn influences the climate system 

(Shrivastava et al., 2017). 
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1.3 Significance of Marine Surface Microlayers (SML) 

1.3.1 Ecological significance of the SML 

By nature of its position and composition, the SML acts both as a sink and source for 

pollutants such as heavy metals, petroleum hydrocarbons, polycyclic aromatic hydrocarbons 

(PAHs), and persistent organic pollutants (POPs). These compounds can become enriched 

in the SML by up to 500× relative to underlying seawater (Wurl & Obbard, 2004). The 

concentration of pollutants not only affects microbial ecosystems but also has implications 

for pollutant bioavailability and trophic transfer, as the SML serves as a nursery habitat for 

fish eggs and larvae (Wurl & Obbard, 2004), magnifying ecotoxicological vulnerability in 

coastal food webs. 

Understanding the SML’s role in global carbon cycling has gained traction in recent years. 

Synthesis studies increasingly highlight the surface microlayer as a highly dynamic interface 

in which organic carbon is rapidly processed and transformed, with globally integrated 

fluxes comparable in magnitude to other major oceanic carbon pathways, such as deep-ocean 

export. This perspective emphasizes the SML not as a long-term carbon reservoir, but as a 

transient yet biogeochemically significant processing layer at the air–sea interface (Wurl et 

al., 2017; Engel et al., 2017). The SML’s enriched organic matrix—including transparent 

exopolymer particles (TEP) and labile dissolved organic matter—creates an environment 

conducive to photochemical reactions, microbial enzyme activity, and rapid organic turnover 

(Wurl & Holmes, 2008).     

1.3.2 Impact of the SML on gas exchange 

The sea surface microlayer (SML) acts as a physicochemical barrier at the air–sea interface, 

enriched with organic particles and surface-active substances that dampen turbulence, 

suppress bubble bursting, and reduce gas transfer velocities (kw), even under wind speeds 

up to ~13 m s⁻¹ (Sabbaghzadeh et al., 2017; Turney & Banerjee, 2013). The presence of 
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surface-active substances dampens turbulence, interferes with bubble-mediated transfer of 

gases (CO₂, DMS), and modifies the production and chemical composition of sea spray 

aerosols (Pereira et al., 2016). These effects can alter the effective transfer velocity of gases, 

particularly under low to moderate wind conditions, where interfacial resistance becomes 

the dominant control on exchange. 

Lab and field studies report that natural surfactants, such as phytoplankton exudates, can 

retard gas exchange by 5–55% under calm conditions (Salter et al., 2011). Models like Liss–

Merlivat (1986) and Wanninkhof’s (1992) parameterizations estimate gas transfer velocities 

(kw) based on wind speed, temperature, solubility, and viscosity, yet uncertainties remain—

especially at low wind speeds—due to unresolved interfacial mechanisms (Nightingale et 

al., 2000; Garbe et al., 2014). 

Surface tension is a key control on air–sea exchange processes in oceanographic and 

atmospheric systems. Surfactant films lower surface tension, increasing microlayer 

viscosity, slowing molecular diffusion, producing smaller and longer-lived bubbles that alter 

bubble-mediated gas transfer, and damping small-scale waves that drive turbulence and 

surface renewal. These effects directly influence the exchange of gases such as oxygen and 

carbon dioxide at the air–sea interface and link surface microlayer dynamics to the global 

carbon cycle (Nightingale, 2013; Bauer et al., 2013). Surface tension also influences wave 

behaviour by contributing to the restoring forces that regulate small-scale wave formation 

and dissipation (Hogan, 1979).  

1.4 Fundamental Concepts of Surfactant Science 

1.4.1 Surfactant Behaviour at Interfaces 

Surfactants are amphiphilic compounds whose hydrophilic head groups and hydrophobic 

tails preferentially orient at interfaces, significantly reducing surface tension (Abbott, 2020). 

As their bulk concentration increases to the critical micelle concentration (CMC), additional 
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molecules aggregate into micelles, and the interface becomes saturated—surface tension 

plateaus (Abbott, 2020). Surfactants at the air–sea interface may form both insoluble 

monolayers, which create relatively persistent surface films (e.g. fatty acids), and soluble 

adsorbed layers that exchange dynamically with the underlying water column (Frew et al., 

1990; Turney & Banerjee, 2013). Insoluble films can act as more static interfacial barriers, 

whereas soluble surfactants primarily influence interfacial rheology and the transfer of 

energy and momentum across the air–sea interface. Although soluble surfactants do not form 

rigid films, their presence can still alter interfacial turbulence and renewal processes, with 

potential consequences for gas exchange, particularly under low to moderate wind 

conditions (Turney & Banerjee, 2013). Understanding adsorption behaviour is crucial: it is 

characterized by isotherms (e.g., Gibbs or Langmuir) and surface coverage (Γ), allowing 

assessment of how surfactant composition affects interfacial properties and SML stability 

(Abbott, 2020). 

1.4.2 Surface Tension Isotherms and Critical Micelle Concentration 

The relationship between surface tension and surfactant concentration at the air/water 

interface can be considered as three separate zones (Figure 2). The divisions correspond to 

the normal behaviour seen in surface tension isotherms. Surface tension isotherms for 

surfactants show the connection between surface tension and surfactant concentration at a 

given temperature. These isotherms are important for understanding surfactant molecules' 

behaviour at interfaces, such as the air-water interface. At low surfactant concentrations, the 

first area (A) displays minor changes in surface tension, suggesting a limited surfactant 

impact. The second area (B) demonstrates a large, generally linear fall in surface tension as 

surfactant concentration increases, showing surfactant-molecule organisation at the 

interface. Once the critical micelle concentration (CMC) is reached, where surfactant 

molecules group together to form micelles, the final area (C) shows that increasing the 

surfactant concentration does not lower the surface tension any further (Menger, 2011). 
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Figure 2: Surface tension as a function of surfactant concentration, showing three distinct regions: (A) initial 

plateau indicating minimal effect of low surfactant concentration on surface tension, (B) sharp decrease in 

surface tension as surfactant concentration increases, and (C) second plateau where surface tension stabilises, 

reflecting the critical micelle concentration (CMC) beyond which additional surfactant does not further 

reduce surface tension. 

 

1.4.3 Modelling Surface Tension in Complex Systems 

When experimental concentration data do not extend into the saturation or plateau region, 

modelling surface tension behaviour becomes particularly challenging, especially in natural 

systems containing complex mixtures of surface-active substances. In such cases, empirical 

sigmoidal models, such as the logistic equation (Equation 1, Prosser and Franses (2001)), 

offer a practical and robust approach to analysing interfacial behaviour. As shown in Figure 

3, the logistic model represents surface tension as a smooth, S-shaped curve based on 

surfactant concentration, which helps estimate surface tension values even if full saturation 

isn't seen in experiments. 
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Figure 3: The logistic model describing surface tension as a function of surfactant concentration (Prosser and 

Franses, 2001). This model captures the gradual transition in surface tension observed in complex, 

multicomponent systems where experimental data may not reach full saturation. 

 

This model has several key features: the clean-water surface tension (σ₀), a point (C_inf) that 

usually matches the critical micelle concentration (CMC), and a minimum surface tension 

(σ∞) that occurs at high surfactant levels. It also incorporates a slope parameter (k), which 

controls the sharpness of the transition from low to high surface coverage.  

σ = σ∞ + (σ₀ − σ∞) / [1 + exp(k(C − C_inf))]    (1) 

 

Importantly, the logistic model is not based on mechanistic assumptions about adsorption 

site geometry or molecular interactions. Instead, it offers a flexible, data-driven approach 

well suited to heterogeneous natural systems such as seawater and atmospheric surface 

microlayers, where surface-active components are chemically diverse and naturally variable. 

Prosser and Franses (2001) highlighted the applicability of this equation in systems where 

the CMC is poorly defined or not reached within the measured concentration range. More 

recently, Kleinheins et al. (2023) conducted a comparative study on surface tension 
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modelling and found that the logistic-based sigmoid model was among the most reliable for 

fitting both weak and strong surfactants in binary aqueous solutions. 

1.4.4 Surface Tension in Multicomponent Seawater Systems 

In the case of mixed systems, such as seawater, the surface tension is influenced by the 

contributions of various individual components such as dissolved salts, gases, organic 

matter, and microorganisms, each of which has a unique impact on the overall surface 

tension. Salinity (Na⁺, Cl⁻, Mg²⁺, and Ca²⁺ ions) affects cohesive forces at the water-air 

interface, while natural surfactants and biological factors (phytoplankton, bacteria, and 

microorganisms) contribute further to the surface tension dynamics.   

As shown in Equation 2, the surface tension of a mixed system is calculated using the surface 

excess (Γ) and chemical potentials (µ)  of each component. 

𝑑𝛾 = Γ1𝑑𝜇1 + Γ2𝑑𝜇2                         (2) 

The surface excess (Γ) refers to the additional concentration of a substance at the surface 

compared to what it would be if the concentration throughout the entire volume remained 

constant up to the interface. If the value of Γ is positive, as is the case for surfactants, the 

surface tension decreases as the concentration increases. Conversely, if the value of Γ is 

negative, as is the case for inorganic salts, the surface tension increases with increasing 

concentration. Schmidt et al. (2011) calculated the surface tension of Baltic Sea and Atlantic 

Ocean underlying water (ULW) to be 73.2 and 74.0 mN m-1, respectively, compared to 72.8 

mN m-1 for deionized water.  The measurements had an uncertainty range of 0.18-0.37 mN 

m-1, with an average uncertainty of 0.22 mN m-1. The chemical potential of the salt in the 

water samples causes this difference, which has a negative surface excess and increases 

seawater surface tension. 

The calculation of the surface excess of a substance can be determined from surface tension 

using Equation 3, which is derived from the Gibbs isotherm. 
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                      𝛤 = −
1

𝑅𝑇
(

𝜕𝛾

𝛿 ln 𝐶
)

𝑇,𝑃
                                (3) 

The concentration of the substance in the bulk solution is denoted by C, the gas constant is 

represented by R, and T refers to the temperature. 

1.4.5 Temperature Controls on Surface Tension and SML Processes 

Surface tension is a physical feature of liquids that results from cohesive forces between 

molecules at the surface of the liquid (Kou et al., 2019). As the temperature rises, the kinetic 

energy of the molecules rises, forcing them to move faster and enhancing their capacity to 

overcome the cohesive forces at the surface. Temperature also modulates key SML 

processes—including interfacial photochemical reaction rates, the thermodynamics of 

surfactant adsorption, microbial biosurfactant production, and circulation‑driven nutrient 

supply—that together shape surfactant film formation and persistence (more details 3.4.3.1). 

The study of seawater surface tension has lasted over a century, progressing from simple 

correlations to advanced experimental examinations. The study of Krümmel (1900) set the 

foundation for understanding seawater surface tension by establishing an early association 

between surface tension, temperature, and salinity. This was achieved by Krümmel’s 

observations of seawater with salinities ranging from 10 to 35 g kg-1, within a temperature 

range of 0 to 40 °C. In 1939, Fleming and Revelle conducted research to modify and improve 

Krümmel's correlation, which had been widely used as a reference for many years.   Around 

75 years later, Nayar et al. (2014) performed extensive experiments to measure the surface 

tension of saltwater using the Wilhelmy plate method over a wide range of temperatures (1 

to 92 °C) and salinities (20 - 131 g kg-1) and formulated a parameterisation to determine the 

surface tension of surfactant-free seawater as a function of these two variables. However, 

the studies conducted by Krümmel (1900), Guohua et al. (1994), and Nayar et al. (Nayar et 

al., 2014) did not take into account the possible influence of organic molecules on the surface 

tension measurements. These measurements demonstrate that, in the absence of surface-
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active organic material, the surface tension of seawater is a well-defined and predictable 

thermophysical property governed primarily by temperature and ionic strength. As a result, 

σ₀ can be quantified with high confidence across environmentally relevant conditions, 

providing a robust reference state against which surfactant-induced surface tension 

depressions can be evaluated. This distinction is fundamental to the interpretation of surface 

film coverage (Δσ), which reflects deviations from a physically constrained baseline rather 

than absolute surface tension values. Consequently, observed reductions in surface tension 

can be directly attributed to the presence and stability of surface-active substances, rather 

than variability in temperature or salinity alone.  

1.4.6 Surface Film Coverage and Biological Controls 

The presence of organic surface-active components in natural seawater can significantly 

reduce the surface tension. Schmidt and Schneider (2011) investigated this phenomenon 

using the Wilhelmy plate method. They examined coastal samples from the Baltic Sea with 

a salinity of 11.5 g kg-1, as well as open ocean water samples from the Atlantic Ocean with 

salinities ranging from 35.5 to 37.2 g kg-1; however, it appears that film pressure data were 

not reported for the open ocean samples. These samples were transported back to the 

laboratory for analysis.  Schmidt and Schneider (2011) found surface film coverage (Δσ) (Eq 

4) of up to 10 mN m-1 in the Baltic Sea, which was most elevated during the spring bloom. 

The surface film coverage defines the alteration in surface tension caused by the addition of 

a surfactant to the liquid surface. It is calculated as the difference between the surface tension 

of the sample, σSML, and the surface tension of water at the same temperature and salinity but 

without any surface active organic substances, σ0 (Nayar et al., 2014). The seasonal variation 

in Δσ, with a maximum in summer, suggested that biological activity was a source of SAS 

and surface tension reduction in the Baltic Sea (Schmidt & Schneider, 2011). 

𝛥𝜎 = 𝜎0 − 𝜎𝑆𝑀𝐿                               (4) 
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1.5 Historical Development of Marine Surfactant Research  

Research on surfactants at the marine air–sea interface began in the early 20th century with 

surface tension measurements, but significant progress emerged in the mid-1900s with the 

adoption of tensiometry and early gas exchange studies. Garrett (1967) conducted controlled 

laboratory experiments demonstrating that organic films can significantly enhance surface 

film strength compared to clean water. Later studies confirmed that natural surface slicks 

suppress surface tension and dampen short gravity–capillary waves, affecting air–sea gas 

exchange and surface dynamics (Alpers and Hühnerfuss, 1989). 

In the 1980s and 1990s, the use of laboratory and field tensiometers became more 

widespread, as researchers such as Frew et al. (1990) quantified the impact of natural 

surfactants on gas transfer velocities. These studies revealed that phytoplankton exudates 

can reduce gas-exchange rates by 5–30%, with synthetic analogues suppressing transfer by 

over 90% under calm conditions (Frew et al., 1990). 

The early 2000s saw methodological diversification with the introduction of electrochemical 

and spectroscopic techniques. AC voltammetry, calibrated against standards like Triton 

X-100, provided a shipboard-compatible method for rapid surfactant quantification (Ćosović 

& Vojvodić, 1998; Engel et al., 2017). Meanwhile, a study by Modini et al. (2013) 

emphasized the ecological significance of surfactants by linking phytoplankton activity with 

sea spray aerosol (SSA) chemistry in marine environments.  

Numerous recent studies have expanded our understanding of sources, dynamics, and 

implications of marine surfactants. Barthelmeß and Engel (2022) used molecular techniques 

in the Baltic Sea to demonstrate surfactant production by phytoplankton and their seasonal 

modulation. Meanwhile, King et al. (2019) refined tensiometric protocols and integrated 

physicochemical insights into global climate models. Despite these advances, analytical 

challenges related to sample stability, standardized protocols, and real-time in situ 
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measurements persist, highlighting the continued need for innovation in this field (Cunliffe 

et al., 2013; Wurl et al., 2017). 

1.6 Surfactant Sources 

1.6.1 Biogenic Sources 

In this subsection, we review the principal biogenic sources of marine surfactants, focusing 

on the roles of phytoplankton, bacteria, and grazers. Together, these organisms drive the 

production and release of surface-active compounds into the sea-surface microlayer (SML). 

1.6.1.1 Phytoplankton  

Phytoplankton release surface-active substances through direct exudation, cell lysis, and 

enzymatic processes during growth and bloom events. Žutić et al. (1981) showed that 

cultured strains release surfactants that accumulate in the SML and reduce surface tension 

by up to 20 mN m⁻¹. For context, the surface tension of pure water at 20 °C is approximately 

72 mN m⁻¹, while natural seawater typically ranges between ~72 and 74 mN m⁻¹ depending 

on temperature and salinity, indicating that such reductions represent a substantial 

modification of interfacial properties. Species-specific physiology governs the timing of 

release: Cryptomonas initiates surfactant production during the lag phase, whereas 

Skeletonema delays release until the stationary phase, reflecting divergent metabolic 

strategies (Žutić et al., 1981). Laboratory experiments further indicate that extracellular 

carbohydrate exudates can constitute 27–47% of cellular biomass during stationary growth, 

underscoring the substantial polymeric contribution to marine surfactant pools (Frew et al., 

1990). Field observations from the EIFEX iron-fertilization experiment recorded surfactant 

concentrations of 0.02–0.03 mg L⁻¹ Triton X-100 equivalents in surface waters, values 

comparable to concentrations previously shown to measurably suppress gas exchange and 

modify surface tension under natural conditions, directly linking bloom-induced 

productivity to SML enrichment (Croot et al., 2007). 
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1.6.1.2 Bacterial Biosurfactant Production 

Marine bacteria produce glycolipid and lipopeptide biosurfactants, particularly under 

hydrocarbon exposure or nutrient stress. Kurata et al. (2016) and Underwood et al. (2022) 

demonstrated that taxa such as Pseudomonas, Colwellia, Alcanivorax, and Bacillus 

synthesize surface-active compounds, reaching concentrations of 0.5–2.0 mg L⁻¹ in 

enrichment cultures. In near-surface waters beneath natural slicks, DNA sequencing reveals 

enrichment of surfactant-associated bacteria, indicating in situ production followed by 

bubble-mediated transport to the SML (Kurata et al., 2016). Biosurfactants released into the 

water column can be transported to the SML through a combination of buoyant ascent, 

adsorption onto rising bubbles, and bubble scavenging processes, which efficiently 

concentrate surface-active material at the air–sea interface. These processes contribute a 

dynamic biosurfactant source that complements phytoplankton-derived material. 

1.6.1.3 Grazers and Protists 

Protists and zooplankton influence surfactant dynamics through feeding and sloppy grazing. 

Kujawinski et al. (2011) showed that dissolved surfactant levels during protist grazing events 

match those observed in phytoplankton blooms, with measured concentrations of 0.01–

0.02 mg L⁻¹ TX-100 equivalents. Seasonal field studies report pulsed surfactant production 

concurrent with bloom-associated grazer peaks. Furthermore, sloppy feeding by copepods 

and other zooplankton liberates exopolymeric material—rich in surface-active 

compounds—contributing up to 15% of the total SML surfactant pool (Passow & Alldredge, 

1999). These biogenic processes establish a foundation for the molecular mechanisms and 

environmental pathways examined in 1.6.2. 

1.6.2 Mechanisms and Environmental Pathways 

Phytoplankton-derived lipids and fatty acids undergo both biotic and abiotic transformations 

that influence their surface activity. Within phytoplankton cells, photosynthetically derived 

glucose is converted via glycolysis into acetyl-CoA, which fatty acid synthase transforms 
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into long-chain fatty acids (Muhlroth et al., 2013). Once released into the water column, 

extracellular enzymatic hydrolysis cleaves these fatty acids from polar lipid headgroups, 

making them available for microbial uptake. Coastal bacterial communities can metabolize 

up to 80% of released fatty acids within 24 hours (Cochran et al., 2016). Abiotic processes 

such as photooxidation and ozonolysis further modify unsaturated fatty acids, altering chain 

length and double-bond configuration and thereby affecting their interfacial properties 

(Heydarizadeh et al., 2013). 

Mechanistically, Fogg’s two-tier model explains surfactant exudation under varying nutrient 

regimes without requiring cell disruption. Low-molecular-weight compounds, including 

amino acids and sugars, passively diffuse across cell membranes, while overflow 

metabolism releases high-molecular-weight polymers once intracellular concentrations 

exceed physiological thresholds (Fogg, 1966). This dual process maintains continuous 

surfactant supply to the SML during nutrient limitation and bloom decay. 

Microbial surfactant synthesis and degradation create a dynamic balance in the SML. Genera 

such as Pseudomonas, Bacillus, and Acinetobacter produce biosurfactants in response to 

organic enrichment, with production rates reaching 0.5–2.0 mg L⁻¹ in culture (Hisatsuka et 

al., 1971; Rosenberg et al., 1979). Kurata et al. (2016) demonstrate that bubble-mediated 

transport concentrates surfactant-producing bacteria in near-surface waters beneath slicks, 

yet degradation pathways—exemplified by Escherichia—can mineralize surfactants within 

hours, highlighting rapid turnover in the SML. These pathways of biosynthesis, exudation, 

and transformation influence dissolved organic carbon pools at the air–sea interface, as 

explored in 1.6.3. 

1.6.3 Dissolved Organic Carbon and Surfactant Fractions 

Dissolved organic carbon (DOC) constitutes a critical pool at the air–sea interface, with an 

estimated 662 Pg C stored across the global ocean (Hansell et al., 2009). Within this pool, 
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surfactant-active fractions including glycolipids, lipopeptides, and free fatty acids—play key 

roles in modulating interfacial processes (Wurl et al., 2011; Cunliffe et al., 2013). DOC 

enrichment factors (EFDOC) in the SML vary widely: Reinthaler et al. (2008) measured 

EFDOC up to 2.1 at wind speeds exceeding 7.5 m s⁻¹ in the Atlantic and western 

Mediterranean, while Van Pinxteren et al. (2017) reported EFDOC ranging from 0.2 to 9.1 

across multiple Atlantic transects. These surfactant-active DOC fractions influence gas 

transfer and aerosol dynamics by altering surface viscosity and film stability. High-

molecular-weight polymers increase microlayer viscosity, reducing gas exchange rates by 

up to 50% under calm conditions (Frew et al., 1990). By contrast, low-molecular-weight 

fractions redistribute rapidly during wave breaking, contributing to sea spray aerosol 

formation (O’Dowd et al., 2004). 

1.6.4 Anthropogenic Sources 

The SML also accumulates surfactants of terrestrial and industrial origin. Per- and 

polyfluoroalkyl substances (PFAS) and persistent organic pollutants (POPs) reach surface 

waters via riverine discharge, atmospheric deposition, and direct wastewater effluent. 

Martinez-Varela et al. (2020) measured PFAS concentrations up to 150 ng L⁻¹ in SML 

samples from urbanized estuaries—threefold higher than underlying waters—highlighting 

strong enrichment of human-derived amphiphiles. These compounds contribute to interfacial 

activity and can select for surfactant-degrading microbes; for instance, GESAMP (2021) 

reports increased abundance of Pseudomonas spp. in PFAS-contaminated near-surface 

waters. Anthropogenic surfactants can modify SML viscosity and dampen gas exchange 

rates comparably to biogenic fractions (Salter et al., 2011), underscoring the importance of 

incorporating human-derived inputs into models of SML dynamics and climate-relevant 

processes. With both natural and anthropogenic sources defined, we next examine their 

combined effects on air–sea interactions and climate-relevant processes. 



41 
 

1.7 Surfactants and Climate-Relevant Processes 

1.7.1 Seasonal and Spatial Distribution 

Marine surfactant concentrations vary seasonally and geographically in response to 

biological productivity and environmental forcing (Figure 4). Boreal summer and autumn 

phytoplankton blooms in the North Atlantic (60°–40°N) generate elevated SML surfactant 

levels, with concentrations often exceeding 0.1–1.5 mg L⁻¹ TX-100 equivalents in bloom 

centres (Ćosović & Vojvodić, 1987; Wurl et al., 2011b; Sabbaghzadeh et al., 2017). 

Upwelling zones off West Africa and coastal regions of South America also exhibit 

enhanced surfactant coverage, driven by nutrient enrichment and high primary productivity 

(Gašparović et al., 2007; Tsai & Liu, 2003). In contrast, oligotrophic gyres between 30° N 

and 30° S maintain low surfactant concentrations ( 0.3 mg L⁻¹) due to limited biological 

inputs (Wurl et al., 2011b). These spatial patterns, shaped by productivity and allochthonous 

organic inputs, underpin current models of SML surfactant distribution under variable 

climatic regimes.  
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Figure 4: Global distribution of surfactant activity across ocean surface waters (50° N–50° S). The colour 

scale indicates surfactant activity from low (blue) to high (red). Highest concentrations occur in the Atlantic 

Ocean, particularly between 40° N and the equator, where surfactants remain enriched even under high wind 

speeds, influencing air–sea gas exchange processes. 

 

1.7.2 Impact on Air–Sea Gas Exchange 

Surfactants suppress gas exchange by altering SML physical properties. Biogenic 

monolayers reduce gas transfer velocities (k) by up to 55% during bloom conditions (Salter 

et al., 2011), while synthetic surfactants yield up to 85% suppression in laboratory tests 

(Broecker et al., 1978; Schneider-Zapp et al., 2014). Soluble surfactants reassemble rapidly 

following surface disruption, dampening capillary waves and thickening the viscous 

sublayer, which impedes turbulent renewal (Frew et al., 1990; McKenna & McGillis, 2004). 

Insoluble films further inhibit molecular diffusion until dispersed by winds above 5 m s⁻¹ 

(Springer & Pigford, 1970; Goldman et al., 1988). 

These effects underscore the need to integrate surfactant dynamics into global gas exchange 

models. 

1.7.3 Sea Spray Aerosol Production and Climate Feedbacks 

Surfactants modulate bubble-mediated aerosol generation and cloud formation. Enrichment 

of surfactants in seawater increases film stability, reducing droplet number fluxes by up to 
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30% under controlled wind conditions (Modini et al., 2013). Surfactant-coated aerosols 

lower surface tension, enhancing cloud condensation nuclei (CCN) activity by 20–40% 

relative to seawater devoid of organics (Yli-Juuti et al., 2013). Global model OCEANFILMS 

predicts that organic surfactant enrichment raises Southern Ocean CCN concentrations by 

~30 cm⁻³, producing a net radiative cooling of –0.36 W m⁻² (Toner et al., 2022). These 

interactions illustrate how SML surfactant dynamics influence climate through coupled 

physical and chemical pathways. 

1.7.4 Global Distribution of Marine Surfactants 

The use of the SA method has revealed the existence of an active surfactant layer throughout 

the oceans. Table 1 highlights the wide range of SA concentrations and surfactant 

enrichment factors (EF) (Equation 5) observed in the surface microlayer (SML) vs the 

underlying water (ULW).  

                      𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐸𝐹) =
𝑆𝑀𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑈𝐿𝑊 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
                 (5)    

 

Table 1: Summary of Surfactant Activity (SA) Measurements in Various Oceanic Regions  

 

 

These studies indicate that surfactant levels can be influenced by variables such as the 

distance to coastal regions, anthropogenic activities, and biological productivity. Two 

cruises between 50 oN and 50 oS in the open Atlantic Ocean revealed average SA 
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concentrations in the SML of 0.34 ± 0.19  mg L-1 eq. T-X-100 (range 0.13 - 1.00 mg L-1 eq. 

T-X-100) and 0.47 ± 0.38   mg L-1 eq. T-X-100 (range 0.12 - 1.77 mg L-1 eq. T-X-100) 

(Sabbaghzadeh et al., 2017). These results are consistent with those of Wurl et al. (2011b) 

who reported SA values in the SML ranging from 0.10 to 1.57 mg L-1 eq. T-X-100 and of  

Frew et al. (2002) who reported values of between 0.05 to 3.00 mg L-1 eq. T-X-100 in coastal 

and oceanic SML samples from the Sargasso Sea. Oligotrophic oceanic samples had lower 

SA values (maximum 0.15 mg L-1 eq. T-X-100), whereas more eutrophic coastal samples 

had higher SA values (up to 3.00 mg L-1 eq. T-X-100). This variance might be explained by 

changes in nutrient inputs, biological activity, and organic matter content as elevated nutrient 

availability in eutrophic coastal waters promotes higher phytoplankton biomass and 

microbial activity, leading to increased production and accumulation of surface-active 

organic matter through exudation, cell lysis, and microbial processing, whereas oligotrophic 

systems are characterised by lower organic matter production and reduced surfactant 

availability. Croot et al. (2007) detected an overall enrichment of surfactants in the surface 

microlayer in the Southern Ocean, which is consistent with earlier research.  Salter (2010) 

found SA levels ranging from 0.35 to 1.12 mg L-1 eq. T-X-100, with EFs ranging from 0.8 

to 8.0, in the River Tyne estuary. The increased surfactant concentrations detected in the 

River Tyne estuary compared to open ocean areas might be attributable to inputs of 

terrestrially produced surfactants in this region, as well as localized pollution from urban 

and industrial sources. The general enrichment of surfactants in the surface microlayer, as 

observed by Croot et al. (2007) in the Southern Ocean, is consistent with previous studies. 

Enrichment factors provide insights into the degree of surfactant accumulation in the surface 

microlayer compared to the underlying water. Higher EF values indicate greater enrichment, 

which can have implications for surface tension, gas exchange processes, and the 

bioavailability of pollutants. 
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1.7.5 Environmental Controls on Surfactant Distribution 

Seasonal and spatial fluctuations in surfactant distributions have been investigated using 

both direct and indirect approaches. Direct measurements of surfactant activity (SA) and 

surface tension are commonly used, while indirect approaches often employ primary 

production (PP) as a proxy for biologically derived surfactants (Frew et al., 2006; Cunliffe 

et al., 2013; Zhang and Yang, 2013; Pereira et al., 2016). Primary productivity refers to the 

rate at which phytoplankton, algae, and other marine organisms use photosynthesis to 

convert sunlight, carbon dioxide, and nutrients into organic matter (Doney et al., 2009). 

Wurl et al. (2011) proposed combining primary productivity and wind speed to predict the 

global distribution of oceanic surfactant coverage. Their approach is based on the biological 

origin of surfactants, where primary productivity reflects biological surfactant production 

and wind speed influences their dispersion. Their calculations indicated that the SML can 

persist at the global average wind speed of 6.6 m s⁻¹ and may be more widespread in tropical 

oceans than at higher latitudes, where stronger winds ( 12 m s⁻¹) may inhibit extensive film 

formation. 

Conversely, Sabbaghzadeh et al. (2017) found a weak inverse correlation between measured 

SML surfactant distributions and wind speed (r = −0.318, p = 0.001) in the North Atlantic 

Ocean, indicating that linear regression models based solely on wind speed cannot accurately 

predict surfactant distributions. 

Schmidt and Schneider (2011) further investigated the seasonal dependence of surfactant 

distributions at a coastal station in the southern Baltic Sea. Their study observed surface 

tension depressions of up to 10 mN m⁻¹, correlated with seasonal phytoplankton blooms. 

Film coverage was minimal in winter but increased significantly during the spring bloom, 

highlighting the close relationship between biological activity and surfactant production. 

This seasonal correlation with chlorophyll-a supports the use of biological productivity 
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indicators to assess surfactant concentrations and suggests that phytoplankton blooms play 

a critical role in regulating surface tension in marine environments. 

1.8 Sampling of the Sea Surface Microlayer (SML) 

Collecting representative SML samples poses a significant methodological challenge due to 

its thin, dynamic nature, which requires researchers to evaluate a range of samplers that 

differ in the thickness and purity of the material they collect. The most commonly used 

methods include the mesh-screen (Garrett) sampler, rotating-drum devices, membrane 

filters, and the glass-plate technique (Garrett, 1965; Harvey & Burbell, 1972; Hatcher & 

Parker, 1974; Franklin et al., 2005; Cunliffe & Murrell, 2009). Other approaches—such as 

floating trays, freezing probes, and PVC film samplers—are now seldom employed, since 

they tend to incorporate subsurface water and dilute true SML enrichments to a greater extent 

and with less reproducibility than more widely adopted techniques (Hamilton & Clifton, 

1979; Hatcher & Parker, 1974). 

1.8.1 Mesh-Screen (Garrett) Sampler 

The mesh-screen (Garrett) sampler is a passive surface microlayer collection technique that 

isolates surface water based on the adhesion of a thin liquid film to a vertically immersed 

mesh. During sampling, the screen is dipped through the air–sea interface and withdrawn, 

allowing surface water retained on the mesh to drain into a collection vessel. First described 

by Garrett (1965), the Garrett screen collects a relatively large sample volume, with each 

immersion of a standard-sized screen yielding on the order of several tens of millilitres per 

dip, corresponding to an effective sampling rate of ~2.5 L h⁻¹ under continuous operation 

(Schneider-Zapp et al., 2014), from depths of approximately 150–400 μm. Its stable 

sampling rate and ability to collect representative volumes of surface water make it well-

suited for multidisciplinary analyses—including labile amino acids (Kuznetsova & Lee, 

2001), phytoplankton (diatoms, heterotrophic nanoflagellates), viruses, bacteria, and 

chlorophyll (Agogué et al., 2004; Momzikoff et al., 2004)—as well as for mapping spatial 
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and temporal variability in SML composition (Frka et al., 2009; Salter et al., 2011; Pereira 

et al., 2016). The principal drawback is potential dilution by underlying water—up to six- to 

eight-fold—which can obscure true surface enrichments (Yang et al., 2001). 

1.8.2 Glass-Plate Technique 

The glass-plate sampler, introduced by Harvey & Burbell (1972), isolates a thin microlayer 

(20–150 µm) via adhesion to a hydrophilic or hydrophobic plate. This method efficiently 

captures low-hydrophilicity compounds such as amino acids and lipids (Momzikoff et al., 

2004) and is especially appropriate in oligotrophic regions, where low nutrient and biomass 

levels require sensitive recovery of trace surface-active compounds (Frka et al., 2009). 

However, manual deployment is impractical aboard large vessels; throughput is limited (~22 

mL min⁻¹), and withdrawal speed—and thus sample thickness—varies with operator 

technique and wind speed (should be restricted to   5 m s⁻¹; Guitart et al., 2004; Cunliffe & 

Wurl, 2014). 

1.8.3 Membrane-Filter Collection 

Single-use filters—polycarbonate (35–42 µm depth) and PTFE (~6 µm depth)—yield near-

pure SML samples with minimal subsurface dilution (Franklin et al., 2005; Cunliffe & 

Murrell, 2009; Cunliffe & Wurl, 2014). Deployed by floating on the surface and retrieved 

with forceps, these filters are ideal for bacterioneuston and molecular community analyses 

but produce very small volumes, require calm conditions, and are not feasible from large 

vessels (Hamilton et al., 2014). 

1.8.4 Other Methods 

Rotating-drum samplers, floating trays, freezing probes, and PVC films have been trialed 

(Cunliffe et al., 2013; Wurl et al., 2017), although their applicability and adoption vary 

depending on design and deployment. Floating trays collect thicker (and therefore partially 

subsurface) samples unsuitable for precise enrichment studies (Wurl & Soloviev, 2014), 
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while probes and PVC films face operational and contamination challenges. In contrast, 

modern rotating-drum or disk-based systems such as the Sea Surface Scanner (S³) a remote-

controlled catamaran platform designed to automate collection of the sea surface microlayer 

— have been developed to enable high-resolution sampling of SML properties with reduced 

subsurface contamination and greater spatial coverage (Ribas-Ribas et al., 2017). 

Accurate surface tension measurements require a stable gravitational field; therefore, reliable 

in situ tensiometry remains challenging on moving platforms such as research vessels. 

Consequently, SML samples are typically collected for subsequent laboratory analysis under 

controlled conditions, necessitating storage protocols that preserve the integrity of 

surfactant-active substances.  

1.9 Sample Storage and Preservation 

1.9.1 Preservation Challenges in SML Samples  

The lack of open ocean surface tension measurements highlights the necessity of developing 

storage protocols that minimise the degradation and contamination of surfactant-active 

substances (SAS) over time, ensuring an accurate assessment of surfactant activity in 

seawater. Current methods for preserving organic matter (OM) in water samples, such as 

refrigeration at 4°C or freezing at -20°C, exhibit mixed efficacy in terms of SAS preservation 

within the SML. Chromophoric dissolved organic matter (CDOM) and other organic 

materials are commonly stored at 4°C, with studies suggesting that this temperature may 

effectively limit degradation for periods less than 24 hours (Stedmon et al., 2003; Wickland 

et al., 2007; Hood et al., 2009). Nevertheless, this duration is often impractical on extended 

open-ocean cruises, whereas it may be feasible for coastal studies in which samples can be 

returned to shore and analysed within that timeframe. However, research indicates that even 

with chilled storage, specific components can degrade, leading to reductions in fluorescence 

and SAS stability, depending on the sample’s provenance (Hudson et al., 2009). Filtering 
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and freezing at -20°C has also been widely utilised for the preservation of CDOM and 

dissolved organic carbon (DOC); yet, highly coloured samples, particularly those dominated 

by allochthonous OM, are more susceptible to freeze-thaw degradation compared to 

autochthonous samples (Gao et al., 2010; Spencer et al., 2010; Yamashita et al., 2010b). 

Furthermore, pre-treatment of natural water samples—such as filtration, acidification, or 

preservation with formalin or HgCl—has been shown to significantly alter SAS properties 

and CDOM characteristics, raising concerns about analytical accuracy (Wurl et al., 2009). 

Freezing biological samples is a common way to preserve them, but it comes with problems, 

especially because of cell bursting and lysis, which can change the original sample and affect 

the accuracy of the results. When freezing is slow, ice crystals can grow inside the cells and 

break the cell membrane or wall (Lepesteur et al., 1993; Mazur, 1984). Fast freezing, for 

example, using liquid nitrogen, helps avoid this damage by reducing the ice formation 

(Chang & Zhao, 2021; Fowler & Toner, 2006; Jia et al., 2022). Also, during freezing, the 

concentration of salts around the cells increases, causing water to leave the cells. This makes 

the cells shrink, and when thawing happens too fast, water comes back in quickly, and the 

cells can burst due to osmotic shock (Mazur, 1970). During thawing, if the temperature is 

too high or the process is too fast, cells can break, and substances inside the cells, like 

proteins, DNA, and enzymes, can leak out and mix with the sample, which can change its 

chemical composition (Fuhrman et al., 1988; Spencer et al., 2010). In marine samples, this 

cell lysis can increase the amount of CDOM and surfactant-active substances (SAS), as 

Rickard et al. (2019) noticed when freeze-thaw cycles led to degradation of SAS in filtered 

or unfiltered seawater samples. 

Some molecules, like lipids and proteins, are very sensitive to freezing and thawing, and 

even at very low temperatures, some enzyme activity continues, which can lead to further 

breakdown of sample material (Hudson et al., 2009). Repeating the freeze-thaw process 

many times can also kill microorganisms, which affects the analysis of microbial 
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communities (Amann et al., 1995). To reduce this kind of damage, scientists often use 

cryoprotectants like glycerol or DMSO, which help to protect the cells by lowering ice 

formation and reducing stress from salt concentrations (Mazur, 1970). It is also better to 

freeze samples quickly and thaw them slowly and in a controlled way. Another good practice 

is to divide the sample into smaller portions (aliquots) before freezing so it doesn’t need to 

be thawed and frozen again multiple times. 

In environmental and marine research, these problems are very important. Rickard et al. 

(2019) strongly advised against long-term freezing at -20°C because it can cause SAS 

degradation. They suggested that samples should be kept unfiltered, in the dark, at 4°C, and 

analysed within 24–48 hours. Also, Schneider-Zapp et al. (2013) found that freezing 

unfiltered seawater can cause artificial increases in CDOM, and Spencer et al. (2010) showed 

that water with a lot of land-derived (allochthonous) organic matter—i.e., organic material 

imported from outside the aquatic system, such as terrestrial runoff or decaying vegetation—

is more likely to degrade during freezing than water containing organic matter produced 

within the water column (autochthonous), such as algal or microbial exudates. These 

examples show why it is important to be very careful with how samples are stored and 

handled, especially when studying labile organic fractions such as surface-active substances 

(SAS) and chromophoric dissolved organic matter (CDOM). 

Because surfactant activity (SA) and chromophoric dissolved organic matter (CDOM) in 

SML samples are highly labile, storage protocols can profoundly alter analytical outcomes. 

Below, we integrate detailed findings from key studies to refine our preservation strategy. 

1.9.2 Refrigeration at 4 °C 

Refrigeration in the dark at approximately 4 °C remains the simplest and most widely applied 

approach for preserving SML samples, as this temperature is commonly used to suppress 

microbial metabolism and enzymatic activity while avoiding phase changes associated with 
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freezing, (Coble et al., 1998; Baker, 2002; Stedmon et al., 2003; Wickland et al., 2007; 

Fellman et al., 2009; Hood et al., 2009; Lapworth et al., 2009).  

• Short-term stability: Mitchell et al. (2000) observed no detectable change in CDOM 

absorbance over 24 h of dark refrigeration. 

• Week-long storage: Hunter & Liss (1981) reported a modest reduction in surfactant 

activity—around a ten-percent loss—during the first week at 6 °C, followed by a 

surprising rebound of about twenty percent after 34 days. 

• Fluorescence variability: Hudson et al. (2009) found specific fluorophore intensities 

declined during refrigerated storage, with the magnitude of decline depending on 

sample provenance. 

Together, these studies show that dark refrigeration effectively retards rapid degradation but 

cannot fully prevent compositional shifts beyond roughly one week. 

Schneider-Zapp et al. (2013) conducted the most extensive assessment of preservation 

protocols to date, testing seven treatments on both freshwater and saline SML samples: 

simple dark refrigeration at 4 °C, freezing at –20 °C, chemical poisons (silver nitrate, 

mercuric chloride, formalin), size-fractionation pre-treatments, and combinations thereof. 

• Surfactant activity was monitored by alternating-current voltammetry (converted to 

Triton X-100 equivalents) at multiple time points up to 30 days. 

• CDOM was tracked using UV–Vis absorbance ratios (E2:E3), spectral slope, and 

PARAFAC-derived fluorescence components. 

No protocol consistently outperformed simple dark refrigeration: all treatments—including 

freezing and chemical poisoning—yielded similar or greater drift in both SA and CDOM 

metrics, typically on the order of 15–20 percent over 30 days. Even the best chemical pre-

treatment (silver nitrate filtration) failed to reduce variability below that of dark refrigeration.  



52 
 

1.9.3 Freezing and Freeze–Thaw Effects 

Freezing filtered samples at –20 °C is another common preservation method (Coble et al., 

1998; Murphy et al., 2008; Conmy et al., 2009; Walker et al., 2009; Gao et al., 2010; Spencer 

et al., 2010; Yamashita et al., 2010b). 

• Provenance-dependent artifacts: Spencer et al. (2007a) and Hudson et al. (2009) 

documented both increases and decreases in CDOM absorbance and fluorescence 

after freeze–thaw cycles, with overall CDOM loss and declines in protein-, humic-, 

and fulvic-like fluorophores. These contrasting responses reflect differences in initial 

sample composition, with DOM source, molecular complexity, and relative 

contributions of labile versus refractory components influencing susceptibility to 

freeze–thaw alteration. 

• Minimal optical change in some cases: Yamashita et al. (2010b) reported CDOM 

absorbance remained largely stable under freezing, though fluorescence signals were 

compromised; similarly, Gao et al. (2010), Conmy et al. (2009), and Yamashita et al. 

(2010a) found less than 15 percent change in optical properties, and Spencer et al. 

(2010) observed under 2 percent variability—all within analytical error.  

Freeze–thaw processing therefore introduces unpredictable, sample-specific biases in 

optical DOM properties. When freezing is unavoidable, studies commonly recommend 

minimizing freeze–thaw cycles and handling samples consistently, as the extent of 

alteration appears strongly dependent on initial DOM composition rather than storage 

temperature alone. Although rapid freezing and storage at lower temperatures (e.g. −80 

°C) are often adopted as precautionary measures, their effectiveness in fully preserving 

optical properties remains insufficiently constrained and may vary among sample types. 
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1.9.4 Chemical Preservation 

Chemical poisons can arrest microbial activity, but they frequently alter DOM and surfactant 

signals: 

• Acidification to pH 2–3 (HCl, H₃PO₄) prevents metal–DOM complexation but shifts 

CDOM absorbance and causes pH-dependent fluorescence peak shifts (Andersen et 

al., 2000; Patel-Sorrentino et al., 2002; Mobed et al., 1996; Spencer et al., 2007a). 

• Mercuric chloride (HgCl₂) quenches fluorescence and perturbs CDOM (Fu et al., 

2007; Yamashita & Jaffe, 2008). 

• Sodium azide (NaN₃) shows mixed outcomes—no effect in some reports (Ferrari et 

al., 1996; Astoreca et al., 2009; Patel-Sorrentino et al., 2002) but up to 10 percent 

absorption increases in others (Tiltstone et al., 2002). 

• Chloroform (CHCl₃) is volatile and prone to loss from plastic containers (Kremling 

& Bruggmann, 1999). 

• Formalin can preserve surfactants but risks cross-reaction and toxicity (Wurl et al., 

2009). 

Given these conflicting effects, chemical poisoning is not recommended for SML surfactant 

or CDOM analyses. 

1.10 Research Gap  

The sea surface microlayer (SML) is a critical yet boundary at the ocean–atmosphere 

interface. Its thin, surfactant-rich films regulate biogeochemical cycling, air–sea gas 

exchange, and sea spray aerosol formation, influencing global climate processes. Despite 

this significance, major knowledge gaps persist regarding the dynamics of SML surfactants 

and this hinders their representation in Earth system models. 
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Two key limitations stand out. First, there is no consensus on storage protocols that preserve 

the integrity of surface-active substances (SAS) in SML samples for delayed analysis. 

Previous studies relied on alternating-current voltammetry or optical DOM metrics, which 

probe only select chemical fractions and may not capture the integrated behaviour of all 

surfactants at the air–sea interface. Second, direct, long-term field measurements of seawater 

surface tension (Δσ) are rare, particularly from unfiltered SML samples in natural marine 

environments. This lack of data constrains our understanding of surfactant film formation, 

persistence, and their role in climatic feedbacks. 

This thesis addresses these challenges by contributing both methodological and scientific 

novelty: 

• To our knowledge, this is the first study to validate SML storage protocols using 

surface-tension measurements (Wilhelmy-plate tensiometry). Previous work relied 

on voltammetry or optical DOM metrics; by directly quantifying how (Δσ), defined 

as the surface-tension depression relative to a clean reference surface at the same 

temperature and salinity, evolves over time, this study provides an unprecedented 

perspective on surfactant stability in natural SML samples.  

• It also delivers one of the few multi-year, field-based datasets of seawater surface 

tension, derived from unfiltered SML and underlying water samples across temperate 

coastal and oligotrophic open-ocean regimes. These data reveal mechanistic controls 

on surfactant film dynamics and support improved parameterizations of air–sea gas 

exchange in climate models. 

1.11 Objectives of this Thesis  

1. Develop and validate storage protocols for sea surface microlayer (SML) samples 

that preserve surface-active substance (SAS) integrity for delayed analysis, enabling 

reliable tensiometric and voltammetric measurements. 
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2. Compare Wilhelmy-plate tensiometry and alternating-current voltammetry to 

evaluate their sensitivity and representativeness in characterising surfactant activity. 

3. Generate novel field datasets of seawater surface tension across coastal and open-

ocean regimes, resolving spatial and temporal variability in SML film coverage (Δσ). 

4. Quantify key environmental and biogeochemical drivers—including nutrient 

availability, phytoplankton biomass, temperature, and wind forcing—of surfactant 

dynamics and assess their implications for air–sea exchange processes. 

Together, these objectives integrate methodological innovation with mechanistic analysis to 

advance understanding of surfactant-mediated processes at the air–sea interface. 

Thesis Structure 

This thesis comprises three results-based chapters. Chapter 2 develops and validates storage 

protocols and analytical approaches for surfactant characterisation. Chapters 3 and 4 apply 

these validated methods to coastal and open-ocean environments, respectively, generating 

novel surface-tension datasets and examining the physical and biological controls on SML 

surfactant dynamics. Collectively, these studies provide a framework for improving 

representation of surfactant films in air–sea exchange and climate-related models. 
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Chapter2: Evaluating Surfactant Stability in Marine Surface 

Microlayers: Integrating Tensiometry, Voltammetry, and 

Storage Protocols 

2.1 Preface to the Chapter  

This chapter addresses the methodological challenges associated with storing sea surface 

microlayer (SML) samples for the measurement of surfactant activity (SA) and surface 

tension (ST). Although SA can be quantified rapidly using alternating current (AC) 

voltammetry, it reports concentrations as Triton X-100 (TX-100) equivalents and may vary 

between laboratories. In contrast, surface tension provides a direct measure of cumulative 

surfactant enrichment at the air–sea interface but cannot be measured reliably on moving 

platforms, necessitating delayed laboratory analysis. 

We therefore developed and evaluated storage protocols designed to preserve surface-active 

substances (SAS) prior to tensiometric and voltammetric analysis. The effects of 

refrigeration (4 °C) and deep-freezing (–80 °C) were systematically compared using 

Wilhelmy plate tensiometry and complementary voltammetric approaches. By assessing the 

stability of SAS under different storage conditions, this chapter establishes practical 

preservation strategies to improve the reliability of SML surfactant measurements. 

2.2 Objectives 

1. Evaluate the stability of SAS under different storage conditions, including 

refrigeration (4 °C) and deep-freezing (–80 °C). 

2. Assess the impact of freezing methodology, container size, and sample pre-

treatment on surfactant preservation. 
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3. Compare voltammetric surfactant activity (SA) measurements with direct surface 

tension determinations. 

4. Examine the performance of a standard 15-second deposition method versus a 

multi-deposition approach in voltammetric analysis. 

By applying surface tension as an integrative measure of total SAS, this chapter establishes 

a validated storage protocol for reliable SML analysis under delayed laboratory conditions. 

 2.3 Sampling Protocol 

2.3.1 Whitby Sampling (Storage Tests) 

To ensure that the sea surface microlayer (SML) samples reflected open-sea conditions and 

were not highly influenced by coastal contamination, samples were collected from a site 

approximately 3 km offshore of the coast of Whitby, UK, in the North Sea (Figure 5). All 

collection equipment and storage vessels were pre-soaked overnight in a 4% HCl acid bath, 

followed by a thorough rinse with Milli-Q (MQ) water (18.2 MΩ·cm) to eliminate potential 

contaminants. The mesh-screen (Garrett) sampler was rinsed 3-5 times in seawater prior to 

sampling, with the collected water used to rinse the plastic bottles. To further minimise 

potential contamination, the first dip of SML water was vigorously shaken inside the bottle 

and then discarded. 

For sample collection, a Garrett screen was gently immersed in the water and raised through 

the air–sea interface while keeping the screen parallel to the surface, allowing excess water 

to drain until only the microlayer film remained within the screen’s wire mesh. This retained 

film was then poured into a 1-litre collection container, and the procedure was repeated until 

the desired sample volume was achieved. After collection, samples were immediately placed 

in an ice-filled cork box to maintain the ambient temperature until transport to the WACL 

laboratories for initial analysis, which was performed the same day. 
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Figure 5: Location of the Whitby SML sampling site in the North Sea: (a) regional overview of the eastern 

UK coast; (b) zoomed view showing the station ~3 km offshore. 

 

 2.3.2 PML Campaign 

SML samples were collected by the crew of the Plymouth Marine Laboratory (PML) from 

the bow of the RV Plymouth Quest. The PML is a marine research organisation, situated on 

the South-East coast of England, who have collaborated extensively with us on work into 

ozone uptake to seawater. The sampling location was approximately 0.5 km offshore of 

Rame Head, Cornwall, in the English Channel (Figure 6). The Garrett screen was operated 

as described above. Samples were stored at 4 °C in the dark. Unfiltered surface tension 

measurements were conducted at PML using a platinum Wilhelmy plate. 
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Figure 6: Coordinates of seawater sample collection sites in Plymouth (black dots), taken at locations 

between 50° 19' 12" N, 4° 10' 12" W and 50° 18’ 32.4” N, 4° 11’ 27.6” W.  

 

2.4 Screen Specifications and SML Thickness 

The Garrett screen was chosen primarily because it collects a significantly larger volume of 

water compared to other types of screens, which is particularly beneficial for ensuring that a 

sufficient volume of the sea surface microlayer (SML) is collected for subsequent analyses 

(Cunliffe et al., 2014). We used a relatively large surface area Garrett screen (Table 2) 

combined with a 16 mesh count per inch and substantial void space, enabling the ability to 

gather a representative sample of the SML in a small number of dips. This efficiency is 

crucial in minimising the time the SML is exposed to potential environmental changes, 

thereby preserving its integrity for accurate surface-active substance (SAS) analysis. The 

specifications of the Garrett screen, shown in Table 2, directly influence the thickness of the 

collected microlayer. 
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Table 2: Specifications of the Garrett screen used for SML sampling, including physical dimensions, mesh 

count, and average volume collected per dip.  

 

 

The consistent use of the Garrett screen ensured uniformity in sampling, while variations in 

handling procedures—such as the location of sampling and immediate treatment post-

collection—enabled the differentiation between protocols focusing on real-time analysis 

versus those designed for storage stability assessments. This distinction is critical for 

understanding the reliability of SAS preservation in different storage conditions, especially 

when comparing the influence of storage temperature on SAS stability. 

To determine the thickness of the gathered SML, both the volume of liquid collected per dip 

and the geometry of the screen were considered. The sampling area was derived from the 

area of the screen, minus the area occupied by mesh wires. The void space (provided by the 

supplier) reflects the percentage of the area that is empty, so it was used to calculate the 

sampling area using the following equation: 

𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝐴𝑟𝑒𝑎 = 𝑆𝑐𝑟𝑒𝑒𝑛 𝐴𝑟𝑒𝑎 × ( 𝑉𝑜𝑖𝑑 𝑆𝑝𝑎𝑐𝑒
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒

100
)              (6) 

 

The gathered sample volume in a single dip was then used to calculate the depth of the 

theoretical cuboid, which represented the SML thickness, based on the sampling area. The 

thickness was determined using 

𝑆𝑀𝐿 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒/𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑎𝑟𝑒𝑎             (7) 
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Our dataset—spanning from Jan 20 to Sept 21—revealed SML thickness values ranging 

from approximately 600 to 777 µm, with an overall mean of about 653 µm. Most sampling 

events exhibited low standard deviations of SML thickness relative to their respective means, 

demonstrating high reproducibility. For example, on 20 Jan 20 the average thickness was 

600 µm with a standard deviation of 61 µm (≈10% variability), while on 17 May 20 the 

average was 777 µm with only 16 µm deviation (≈2% variability). The highest variability 

was observed on 05 Feb 20, where the standard deviation reached 107 µm (≈17%). The 

average variability across all events was found to be approximately 8.6%. To visualise this 

typical sampling uncertainty across the full time series, Figure 7 includes a semi-transparent 

shaded band corresponding to ±1 standard deviation (±58 µm), calculated as the mean 

standard deviation from complete sampling events (Table 3). This band represents 

characteristic sampling variability of the Garrett screen method rather than uncertainty in the 

mean SML thickness, and provides context for interpreting temporal fluctuations in the 

dataset. These modest deviations, likely attributable to natural environmental fluctuations 

and minor operator differences, underscore the reliability of the Garrett screen sampling 

method. This consistency—supported by both the comprehensive Table 3 and the 

corresponding plot (Figure 7) with a dashed line indicating the overall mean—provides a 

robust foundation for further analyses of SAS stability under varied storage conditions.  
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Figure 7: Temporal variation in sea surface microlayer (SML) thickness between January 2020 and 

September 2021 measured using the Garrett screen sampler. Points show mean SML thickness for individual 

sampling events, with the dashed line indicating the overall mean (~653 µm). The shaded band represents ±1 

standard deviation (±58 µm) derived from complete sampling events (Table 3) and reflects typical sampling 

variability. 

 

Table 3. Representative subset of SML thickness measurements, standard deviations, and percentage 

variability for complete sampling events between Jan 20 and Sep 21. 

 

2.5 Surface Tension Measurement Protocol 

Surface tension was measured using a Kibron EZ Plus tensiometer, which was equipped 

with a platinum Wilhelmy plate and a thermocouple. According to the manufacturer, the 

accuracy of the instrument is ±0.1 mN m-1, while its precision is reported to be within ±0.05 

mN m-1. This high level of accuracy and precision made it suitable for detecting subtle 

variations in surface tension that are indicative of changes in the concentration of surface-

active substances (SAS). The setup is illustrated in Figure 8, which shows both the full 
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instrument and a detailed view of the measurement stage. Additionally, the detailed technical 

specifications of the instrument are summarised in Table 4, highlighting its operational 

range, sensitivity, and sample volumes. 

 

Figure 8: Left-hand side: The Kibron EZ Plus tensiometer used for high-precision surface tension 

measurements. Right-hand side: A close-up of the measurement stage, showing the sample dish beneath the 

sensor probe and a thermocouple monitoring temperature for accuracy. 
 

 

Table 4: The detailed specifications of the Kibron EZ Plus tensiometer 

 

For each analysis, a small glass tensiometer vessel, with an approximate volume of 3 mL, 

was prepared through a rigorous cleaning protocol to ensure accuracy in surface tension 

measurements. The vessel was first rinsed with Milli-Q (MQ) water and ethanol, followed 

by soaking in 4% HCl for five minutes. After the acid wash, the vessel underwent a final 

rinse with MQ water and was then dried in an oven at 120°C. Once dried, it was cooled 

under a stream of compressed nitrogen before being set in the tensiometer. The sample was 

carefully poured into the vessel until it was completely filled. A thermocouple was then 
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introduced to measure and equilibrate the sample temperature for at least five minutes before 

proceeding with the analysis. The platinum Wilhelmy plate, used in the tensiometer, was 

also thoroughly cleaned before each run by rinsing with MQ water and heating briefly to 

red-hot in a Bunsen flame to ensure sterilisation. Once cleaned, the plate was mounted in the 

tensiometer, and surface tension measurements were performed. This meticulous 

preparation ensured that all containers and instruments were free from any contaminants that 

might influence the surface-active properties of the sample, thus providing accurate and 

consistent surface tension readings. 

2.5.1 Measurement Procedure 

Measurements were conducted only after verifying the proper preparation of both the 

thermocouple and the Wilhelmy plate. Ensuring the temperature equilibrium of the sample 

(defined here as a stable temperature reading with fluctuations of less than ±0.1 °C over a 

period of several minutes, as monitored continuously by the thermocouple) before 

measurement minimised variability in the surface tension values and contributed to the 

reliability of the data obtained. Temperature stability was assessed instrumentally rather than 

visually, and measurements were initiated only once the recorded temperature reached a 

steady state. 

This thorough preparation of both the sample vessel and the Wilhelmy plate was maintained 

during the study to ensure consistency and reproducibility. Such careful attention to cleaning 

protocols and measurement conditions was essential to minimise sources of error and 

ensuring that the surface tension data obtained accurately reflected the effects of different 

storage conditions on SML samples, as well as the relationship between surface tension and 

surfactant activity in marine environments. 
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2.5.2 Tensiometry Calibration 

The accuracy of the tensiometer used in this study, the Kibron EZ Plus, was evaluated by 

measuring the surface tension of Milli-Q (MQ) water at various temperatures and comparing 

these results to reported literature values. The measurements were conducted to ensure the 

reliability of surface tension data obtained for subsequent analyses of surface microlayer 

samples. As shown in Figure 9 and Table 5, the measured surface tension values were closely 

aligned with literature data (Vargaftik et al., 1983), with minor deviations, particularly at 

higher temperatures. 

The linear fit obtained (gradient = 0.1492, R² = 0.9979) aligns well with the literature-

reported gradient of 0.1500, and the close clustering of data points around the fitted line 

indicates a low uncertainty in the regression slope. Given this low scatter and high coefficient 

of determination, the uncertainty associated with the fitted gradient is small and overlaps 

with the literature-reported value, demonstrating a strong correspondence. This agreement 

shows that the tensiometer is very accurate and gives us confidence in using it to check the 

surfactant stability of SML samples. 

Table 5: The average measured surface tensions of pure water at different temperatures, compared to 

literature values. 
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Figure 9: Comparison of measured surface tension of pure water at different temperatures using this study’s 

instrument (orange points; y = -0.1492x + 75.712, R² = 0.9979) with literature values (blue points; y = 

−0.1581x + 75.69, R² = 0.9998 ) reported by Vargaftik et al. (1983). The close agreement between the two 

data sets demonstrates the instrument’s accuracy. 

 

The tensiometer's accuracy was further validated by measuring the surface tension of several 

reference compounds, including pure water, glycerol, acetonitrile, ethyl acetate, and ethanol, 

and comparing these measurements to established literature values. As shown in Table 6, the 

measured surface tensions (with standard deviations) are listed alongside established 

literature values. For example, pure water was measured at 72.692 ± 0.095 mN m-1 compared 

to a literature value of 72.703 mN m-1 (Vargaftik et al., 1983), while ethyl acetate was 

measured at 24.053 ± 0.113 mN m-1 versus 23.95 mN m-1 (Mumford and Phillips, 2004). 

Glycerol (63.914 ± 0.134 mN m-1) and ethanol (22.120 ± 0.070 mN m-1) were slightly lower 

than the reported values of 64.8 and 22.27 mN m-1, respectively (Vargo et al., 1991; Richards 

et al., 1915), whereas acetonitrile showed marginally higher values (29.966 ± 0.155 mN m-

1) compared to 29.04 mN m-1 from the literature (Harkins et al., 1917). The tensiometer 

calibration performed in this section plays a vital role in establishing the reliability of the 

surface tension measurements used in our SML sample studies. Accurate calibration is 
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crucial for the reproducibility and consistency of surface tension data, which forms the basis 

of surfactant activity and stability assessments throughout this research. This calibration 

further ensures that the conclusions drawn regarding the storage and handling of SML 

samples are based on sound and precise analytical results. 

Table 6: The average measured surface tensions of known reference compounds 

 

2.5.3 Film Pressure Calculation 

In the measurements of sea surface microlayer (SML) tension, two key environmental 

factors—temperature and salinity—are accounted for, since water’s interfacial properties are 

systematically altered by variations in these parameters. First, each reading is normalized to 

a common thermal baseline to eliminate biases introduced by laboratory temperature 

fluctuations, using the pure-water model of Nayar et al. (2014). All measured surface 

tensions were therefore adjusted to 20 °C by applying the following relationship: 

                      σ𝑤 = 235.8 × (1 −
𝑇 + 273.15

647.096
)

1.256

× (1 − 0.625 + (
273.15

647.096
))              (8) 

 

In this equation, σw represents the reference surface tension (in mN m-1) for pure water at a 

specific temperature. This relationship accurately models the changes in surface tension as 

a function of temperature.  
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Once σw had been determined, it was adjusted for the sample’s salinity S (g kg⁻¹) following 

the empirical correction of Sharqawy et al. (2010): 

σ0 = σ𝑤(1 + 3.766 × 10−4 𝑆 + 2.347 × 10−6𝑆 𝑇)                 (9) 

 

Where σ₀ represents the reference surface tension corrected for the specific salinity and 

temperature of the sample. This value serves as the baseline against which the presence of 

surfactants is measured. 

To quantify the influence of surfactants, the actual measured surface tension of the SML 

(σSML) was subtracted from the reference surface tension (σ₀), resulting in the film pressure 

(Δσ), which provides an indication of the reduction in surface tension due to the presence of 

surfactants as defined by Schmidt & Schneider (2011) in Equation 4. The film pressure (Δσ) 

effectively represents the degree of surfactant activity within the SML. Higher values of Δσ 

correspond to greater reductions in surface tension, which in turn suggest higher 

concentrations or effectiveness of surfactant materials at the air-water interface. 

2.5.4 Data Evaluation and Stability Criteria 

Following temperature correction, the surface tension data were further evaluated to assess 

stability and ensure accuracy. Given the dynamic nature of sea surface microlayer (SML) 

samples, achieving fully stable measurements can be challenging, particularly when dealing 

with complex surface-active species (SAS) that are sensitive to subtle environmental 

changes. 

In this study, the stability criterion was set as follows: if the corrected data indicated a change 

of more than 0.2 mN m-1 between consecutive 500-second averages, the values were deemed 

unstable and filtered out of the final dataset. This threshold was selected based on the 

instrument performance characteristics of the Kibron EZ Plus (accuracy/sensitivity ~0.01 

mN m⁻¹), and published precision for water measurements (CV   0.1% at 20 °C), such that 



69 
 

a 0.2 mN m⁻¹ change represents a conservative deviation that exceeds typical measurement 

scatter and therefore indicates genuine temporal drift rather than analytical noise. 

For some samples, particularly those with low surfactant concentrations, a significantly 

longer equilibration time was required to achieve stable surface tension values, sometimes 

extending to as much as 2 hours. Despite these extended equilibration periods, Figure 10 

illustrates an instance where the surface tension values continued to stabilise during the 

course of the measurement run, even after 60 minutes of equilibration prior to the run. 

 

Figure 10: Stabilization of surface tension over time for a low-surfactant sample. Despite 60 minutes of pre-

equilibration, values continued to stabilize during the run. 

  

 

To minimise the influence of these elevated values on the mean surface tension obtained, a 

strategy was employed where at least 100 repeat dips were conducted per run. If the standard 

deviation of these runs exceeded 0.2 mN m⁻¹, the first 10% of measurements were excluded 

from both the mean and the standard deviation calculations, provided that such exclusion led 

to a reduction of the standard deviation to below 0.2 mN m⁻¹. This method ensured that the 

reported surface tension values more accurately reflected the equilibrium state of the sample, 

reducing the impact of transient initial instability. 
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The occurrence of this initial instability, even after long equilibration times, indicates that 

factors beyond surfactant adsorption, such as instrument conditions or interactions with 

container surfaces, may play a role in elevating surface tension values early in the 

measurement. Such instability in surface tension measurements has also been reported in 

other tensiometry studies, further highlighting the inherent challenges in obtaining accurate 

measurements, particularly for samples with low concentrations of surface-active species 

(Nayar et al., 2014). It is important to note that extended equilibration times were observed 

only for a small minority of samples (approximately 4–5 out of ~80 measurements), whereas 

the majority reached the defined stability criterion within substantially shorter time periods. 

These longer equilibration cases therefore represent exceptional behaviour associated with 

low-surfactant samples rather than a general characteristic of the dataset, and are 

documented here to ensure transparency in the interpretation of equilibrium surface tension 

measurements.  

2.6 Gradual freezing using a proprietary freezing container 

A freezing container (Mr Frosty, Thermo Scientific™ ) was employed to facilitate the 

gradual freezing of surface microlayer (SML) samples, to investigate whether this method 

was effective for minimising degradation or loss of surface-active substances (SAS). The Mr 

Frosty system (Figure 11) is an insulated device that allows controlled cooling of samples 

by surrounding them with isopropanol or ethanol, which acts as a cryoprotectant. By creating 

a slow and consistent cooling rate of approximately -1°C per minute, the system prevents 

the formation of large ice crystals that may damage the delicate structures, and surface-active 

components present in the SML. 

SML samples collected for the storage test protocol were aliquoted into 5 mL cryovials, each 

filled to approximately 80% capacity to allow for expansion during freezing. The cryovials 

were then placed into the freezing container, which was pre-filled with isopropanol and 

cooled to -80°C.  Once frozen, samples were stored at -80°C until analysis.  
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This controlled freezing process is especially important because rapid freezing often leads 

to the formation of large ice crystals, which disrupt cellular and molecular structures. By 

reducing the rate of ice crystal formation, the Mr Frosty methodology could potentially 

ensure the stability and consistency of subsequent surface tension measurements used to 

quantify surfactant activity and maintain the original physicochemical properties of SAS 

within the SML. 

 Prior to surface tension measurement, the samples were carefully thawed in a 25°C water 

bath for approximately 20 minutes, allowing them to reach equilibrium gradually. The slow 

thawing process is critical to minimise thermal shock, which could otherwise cause further 

degradation or alterations in the SAS properties of the sample. 

 

Figure 11: The image shows Mr. Frosty Freezing Container, used for freezing samples at a controlled rate of 

1°C per minute using isopropanol (IPA). 

 

2.7 Voltammetry Measurement Analysis of Surface Activity  

This section discusses the quantification of surfactant activity (SA) in the SML samples 

using voltammetry analysis with two approaches: a 15-second deposition method and a 
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multiple deposition time method. The detailed procedures, calibration steps, and key results 

are presented below. 

Surfactant activity was quantified by AC voltammetry using a Metrohm 663 VA Stand 

(Figure 12) and an IME623 Autolab Type III Potentiostat/Galvanostat. The technique 

employs three electrodes: (i) a reference electrode consisting of a saturated silver/silver 

chloride (Ag/AgCl) immersed in a 3 mol L⁻¹ KCl solution; (ii) a hanging mercury drop 

electrode (HMDE) with a renewable, non-polar hydrophobic surface; and (iii) a platinum 

wire auxiliary electrode. A constant current (E) of -0.6 V is used to create an electrical double 

layer at the interface between the HMDE and reference electrodes. This is done while stirring 

the water sample for a certain amount of time to allow the adsorption of surface-active 

material onto the electrodes, which contrasts with surface tension measurements that probe 

equilibrium properties of the air–water interface under quiescent conditions. As a result, 

voltammetry and tensiometry differ fundamentally in their physical treatment of the sample, 

with voltammetry selectively measuring adsorptive, electroactive surfactant fractions under 

forced transport, whereas surface tension integrates the cumulative effect of all surface-

active substances present at the interface. This methodological distinction must be 

considered when comparing surfactant activity derived from voltammetry with surface film 

coverage inferred from tensiometry (Gašparović et al., 2011; Wurl et al., 2011b; Gašparović, 

2012; Schneider-Zapp et al., 2014; Pereira et al., 2016). The substances that have been 

adsorbed then modify the electrical double layer at the interface between mercury and water, 

with temperature and salinity influencing the measurement indirectly through their effects 

on solution conductivity, ion mobility, and double-layer structure. However, under the 

controlled and relatively narrow temperature and salinity ranges used in this study, these 

effects are secondary compared to variations driven by surfactant concentration and 

composition. The gradual buildup of surfactant on the HMDE results in changes to both the 

permittivity and thickness of the double layer, which ultimately leads to a decrease in the 
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capacitance current (CCi) when a voltage is applied (Cuscov and Muller, 2015).  The 

parameters used in these measurements are summarised in Table 7. 

Table 7: Parameters used for voltammetry measurements. 

 

The voltammeter was linked to a nitrogen gas cylinder (99.99%, supplied by BOC), which 

was used to purge samples and generate pressure for mercury drop production from the 

capillary. A 90 mL Teflon cell holds the sample. The cell cleaning procedure was to rinse 

with hot water three times, then two times with deionised (DI) water, then at least 20 minutes 

in acid wash (4% HCl). Finally, the cell was rinsed three times with ultrapure water and 

allowed to air dry. Blanks were performed by filling the cell with MQ (18.2 MΩ cm) water 

(7.17 mL), sodium chloride (3M, 2 mL) and sodium hydrogen carbonate (10 mM, 1.83 mL). 

The blank measurements were initiated after two minutes of equilibration.   
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Figure 12: Metrohm 663 VA Stand used for voltammetric analysis of surfactant activity in sea surface 

microlayer (SML) samples. 

 

Calibrations were performed immediately after the blank measurements, using 45 μL 

additions of a 42.4 mg/L solution of TX-100. Measurements were taken for five different 

deposition times: 5 seconds, 15 seconds, 30 seconds, 45 seconds, and 1 minute. Multiple 

deposition times improve the precision and accuracy compared to the standard 15-second-

only deposition period SA approach (Ćosović and Vojvodić, 1982; Ćosović and Vojvodić, 

1998). Each measurement was repeated with 5 scans after each deposition time, with a two-

minute equilibration period for each run. After the runs, the electrode was washed with 

ethanol to remove any residual TX-100 and then rinsed with plenty of DI water. Another 

blank was measured before analysing the sample, ensuring that the current measured was 

within the calibration and linear ranges. Once all measurements were completed, the 

electrodes and cell were cleaned as stated above. 

2.7.1 Calibration Procedures for Determining Surfactant Activity 

The calibration procedure to determine surfactant activity (SA) in SML samples involved 

using both the 15-second deposition and the multiple deposition time methods, with Triton 

X-100 (TX-100) as the reference surfactant. 
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For the 15-second deposition method, the reduction in current, Δi, was calculated as: 

∆𝑖 = 𝐶𝐶𝑖𝐵𝑙𝑎𝑛𝑘 − 𝐶𝐶𝑖𝑅𝑢𝑛                              (10)   

where CCiBlank is the current measured in the blank, and CCiRun is the current measured with 

a known concentration of TX-100 at the same deposition time. The values of Δi were plotted 

against the concentration of TX-100, resulting in a linear calibration graph (Figure 13). The 

slope represented the sensitivity of the current response to changes in TX-100 concentration. 

Given that the intercept was only very slightly positive (C15s cal = 0.0701), it was forced 

through zero, reducing baseline errors and improving accuracy. 

 

Figure 13: Calibration graph of current reduction (Δi) against TX-100 concentration for the 15-second 

deposition time. 

 

2.7.1.1 15-second Deposition Method 

For surfactant activity determination, first, the sample blank is measured, then a known 

volume of sample to the blank is added, and then the current at the above-mentioned 

deposition periods is measured. Only the Δi of the 15s deposition time has to be processed 

for this calibration, then the SA value for a sample was calculated as: 

y = 248.78x + 0.9977
R² = 0.9969
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𝑆𝐴𝑠𝑎𝑚𝑝𝑙𝑒 =
∆𝑖𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑐15𝑠 𝑐𝑎𝑙

𝑚15𝑠 𝑐𝑎𝑙
                                      ( 11) 

Where SAsample is the diluted sample's surfactant activity in mg L-1 TX-100 eq., Δisample is 

the sample current decrease in nA relative to the blank, c15s cal is the intercept of the 

calibration graph in nA, and m15s cal is the gradient of the calibration graph nA L mg-1. 

Further correction for dilution was applied using: 

𝑆𝐴𝑅𝑒𝑎𝑙 = 𝑆𝐴𝑆𝑎𝑚𝑝𝑙𝑒 ∗
𝑉𝐵𝑙𝑎𝑛𝑘

𝑉𝐵𝑙𝑎𝑛𝑘 + 𝑉𝑆𝑎𝑚𝑝𝑙𝑒
                                    (12) 

 

2.7.1.2 Multiple Deposition Times Calibration (Slopes Method) 

The multiple deposition times calibration (slopes method) utilised deposition times of 5, 15, 

30, 45, and 60 seconds, with each time producing a unique current response (Δi). Calibration 

graphs for different concentrations of TX-100 were generated by plotting Δi against 

deposition time, allowing a more comprehensive understanding of adsorption dynamics and 

yielding more accurate SA values (Figure 14). The R² values for these calibration lines were 

close to 1 (ranging from 0.993 to 0.998), indicating excellent linearity and consistency of 

the measurements across different concentrations and deposition times. 
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Figure 14: Calibration graph of current reduction (Δi) versus deposition time for different concentrations of 

TX-100: magenta 0.173 mg L⁻¹, orange 0.344 mg L⁻¹, grey 0.514 mg L⁻¹, purple 0.683 mg L⁻¹, and green 

0.850 mg L⁻¹, each showing a linear increase in Δi with deposition time. 

 

To further evaluate the calibration results, Figure 15 shows the relationship between the 

slopes of Δi versus deposition time and the concentration of TX-100. This calibration graph 

represents the gradient of each line (from Figure 14) plotted against the respective TX-100 

concentrations, providing a more precise assessment of surfactant activity. 

To quantify this improvement, the mean and standard deviation of calibration errors were 

calculated from Table 6: the single-point 15 s method—despite forcing the intercept to 

zero—yielded percentage errors of 7.4–34.5% (mean ≈ 20.9%, SD ≈ 8.5%), whereas the 

slopes method produced errors of only 6.7–8.7% without intercept correction (mean ≈ 7.7%, 

SD ≈ 0.8%) and 10.7–26.5% when the intercept was forced (mean ≈ 18.6%, SD ≈ 6.5%). 

Thus, even in its best case, the 15 s method is associated with nearly three times the 

systematic error of the slopes approach, and the tighter error distribution of the slopes 
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method underscores its superior calibration quality and robustness for SA quantification in 

SML samples. 

 

Figure 15: Gradient versus TX-100 concentration from multiple deposition times calibration. The graph 

shows the linear relationship between the slope of current response (Δi) and concentration of TX-100, with a 

high R² value of 0.9988, indicating excellent linearity and consistency across different concentrations. 

 

Surfactant activity in an unknown SML sample is then determined by the slopes method as 

follows. Δi is measured at 5, 15, 30, 45, and 60 s; a linear regression of Δi versus time yields 

the sample slope. Although these deposition times are short compared to the equilibration 

times observed in surface tension measurements, they reflect the fundamentally different 

processes probed by AC voltammetry, which quantifies the rapid adsorption kinetics of 

electroactive surfactants to the mercury electrode under forced transport, rather than the 

slower establishment of equilibrium at the air–water interface measured by tensiometry. 

Consequently, the short deposition times are appropriate for voltammetric determination of 

surfactant activity and do not imply direct equivalence with surface tension equilibration 

timescales. Using the calibration fit from Figure 14, activity is calculated by  

𝑆𝐴𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑐 𝑐𝑎𝑙

𝑚 𝑐𝑎𝑙
                               (13) 
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Finally, the value is corrected for dilution by using Eq. 12 to give the true surfactant 

activity of the undiluted SML sample.   

2.7.2 Comparison Between the Two Voltammetric Methods 

The comparison between the two voltammetric methods shows significant variations in 

reliability and accuracy for determining surfactant activity (SA) in sea surface microlayer 

(SML) samples, as shown in Table 8. The 15-second deposition approach, although 

straightforward, showed significant limitations in accuracy, especially when the calibration 

intercept was not forced through zero, resulting in severe errors, with percentage errors 

reaching up to 3030%. When the intercept was forced through zero, errors were reduced to 

a range between 7.4% and 34.5%, but the limitations of depending only on a single-point 

measurement remained apparent, as any baseline drift, accidental noise, or non-linear 

adsorption behaviour at that one time point turns into SA error with no additional data for 

cross-validation. On the other hand, the multiple deposition time (slopes) approach showed 

better robustness and reliability by taking measurements across numerous deposition 

times—5s, 15s, 30s, 45s, and 60s. This method consistently yielded lower error rates, even 

without forcing the intercept, varying between 67.0% and 87.2%. When the calibration 

intercept was forced through zero, the errors were further reduced to between 10.7% and 

26.5%. This method mitigates variability by offering a more nuanced analysis of adsorption 

dynamics, making it better suited for measuring SA in the SML. However, errors of 10.7 or 

26.5 % remain high for trace‐level SML analyses, underlining the need for further 

refinement—such as on-line blank subtraction to correct drift, expanding multi-point 

calibration series, more replicate scans per deposition, and rigorous HMDE pre-

conditioning—to reduce variability and improve SA measurement in the SML. 

2.7.3 Importance of Forcing the Intercept to Zero 

For both calibration approaches, the importance of forcing the intercept through zero is 

highlighted by minimising the error. A non-zero intercept shows that baseline factors other 
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than the analyte are contributing to the determined current. This is specifically problematic 

for low concentrations, where the baseline can extremely impact the result. By forcing the 

intercept through zero, these extraneous influences are eliminated, causing improved 

accuracy, specifically for measurements about the detection limit. 

The findings noticeably support the adoption of the multiple deposition time methodology 

for its greater accuracy and error decline. By combining several data points, this method 

grants an additional comprehensive understanding of surfactant interactions, indicating more 

reliable results and a more accurate demonstration of surfactant dynamics in marine 

environments. This enhancement is critical for improving the consistency and reliability of 

SML investigations. 

Table 8: Comparison of surfactant activity (SA) measured by the 15 s deposition method and the multiple 

deposition time (slopes) method, showing SA in mg L⁻¹ TX‑100 eq. and percentage error against calibration 

standards.    
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2.8 Comparative Interpretation of Surface Tension and Surfactant 

Activity Relationship 

Understanding the relationship between surface tension and surfactant activity (SA) in 

marine environments is complicated by both the diversity of surface-active substances (SAS) 

and the analytical methods used to detect them. In natural seawater systems, particularly in 

the sea surface microlayer (SML), this complexity is amplified due to the heterogeneous and 

dynamic nature of surface-active substances (SAS). Our study investigated this relationship 

using both tensiometry and alternating current (AC) voltammetry, focusing on the 

interpretive differences that arise when comparing filtered and unfiltered seawater samples 

and benchmarking against synthetic and processed standards. Importantly, the comparison 

between surface tension and surfactant activity presented here is made using equilibrated or 

near-equilibrated surface tension values obtained under controlled laboratory conditions, and 

therefore reflects a method-dependent relationship that may vary with equilibration time and 

SAS composition rather than an instantaneous in situ response of the SML 

 

Figure 16. Surface tension versus surfactant activity (SA) in marine and reference samples, including filtered 

Plymouth SML (2020–2021), unfiltered Whitby SML (2023), and a TX-100 standard. Logistic fits illustrate 

sigmoidal trends for the Whitby and TX-100 datasets. Surface tension values represent equilibrated or near-

equilibrated measurements meeting the defined stability criterion, and SA is expressed as mg L⁻¹ TX-100 

equivalents on a logarithmic x-axis. 
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Unfiltered SML samples collected from Whitby in spring 2023 exhibited a well-defined 

sigmoidal decrease in surface tension with increasing SA—from ~73.7 to 51.0 mN m⁻¹—

over a concentration range of 0.11 to 0.57 mg L⁻¹ TX-100 equivalents (Figure 16). These 

values are consistent with prior field measurements of marine SMLs: Cosović et al. (1982) 

reported 0.32–0.64 mg L⁻¹ in the Adriatic Sea, Sabbaghzadeh et al. (2017) found 0.34–0.47 

mg L⁻¹ in the Atlantic Ocean, and Wurl et al. (2011) observed means of ~0.62 mg L⁻¹ in 

nearshore waters. The sigmoidal shape of the surface tension response is characteristic of 

increasing interfacial saturation and reflects the progressive accumulation of amphiphiles at 

the air–water boundary. 

For contextual comparison, we evaluated TX-100, a synthetic nonionic surfactant, which 

produced a comparable sigmoidal isotherm but at higher concentrations, with surface tension 

decreasing from ~72.5 to 31.0 mN m⁻¹ across 0.04 to 220 mg L⁻¹. Notably, the onset of 

surface tension suppression occurred earlier in Whitby samples (~0.31 mg L⁻¹) than in TX-

100 standards (~1–2 mg L⁻¹), suggesting that natural SML surfactants are more efficient at 

reducing surface tension on a per-mass basis. This enhanced efficiency likely stems from the 

structural diversity of natural SAS—such as fatty acids, glycolipids, and microbial 

exudates—which may interact synergistically and possess stronger interfacial affinities than 

TX-100. 

This variance, shown clearly by the logistic fits in Figure 16, highlights the influence of 

sample composition and underscores limitations in interpreting voltammetric SA as a proxy 

for interfacial behaviour. While voltammetric SA is expressed in TX-100 equivalents, this 

equivalency reflects adsorption at the electrode, not at the air–water interface. Natural 

surfactants such as fatty acids, glycolipids, and microbial exudates may differ from TX-100 

in structure and interfacial affinity, and mixtures may exhibit synergistic effects that enhance 

surface tension suppression. These effects likely account for the earlier and steeper decline 

observed in the Whitby data. Importantly, when plotted against log₁₀-transformed SA, the 
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unfiltered Whitby surface-tension data align along a straight line (Figure 17). This 

transformation is justified by our logistic model (Eqn 2), which enters concentration through 

an exponential term (where C is the surfactant concentration and C_inf is the inflection 

concentration at the midpoint of the sigmoidal transition). Over the intermediate 

concentration range around C_inf, the logistic curve behaves approximately linearly with 

log₁₀ C, such that taking log₁₀(SA) both stabilises variance and facilitates comparison with a 

linear approximation. Accordingly, linear regression is used here as a descriptive tool to 

quantify the strength of association rather than as a mechanistic model. The resulting Pearson 

correlation of –0.943 (p = 1.3 × 10⁻⁶) confirms that voltammetric SA and tensiometric σ 

track each other closely when native, interfacially active compounds dominate. 

 

Figure 17: Scatter plot of natural SML surface tension versus surfactant concentration on a log₁₀ scale. Blue 

crosses show experimental data; the orange line represents a linear regression used to illustrate the strength of 

the correlation, while the underlying relationship is better described by a sigmoidal (logistic) response. 

 

In contrast, filtered SML samples collected from Plymouth between 2020 and 2021 

demonstrated a pronounced disconnect between SA and surface tension. As shown in Figure 

16, surface tension remained consistently above 72 mN m⁻¹ despite SA values reaching up 



84 
 

to 1.1 mg L⁻¹ (see also Figure 18). This discrepancy highlights the limitation of voltammetry 

as a proxy for interfacial behaviour in filtered or nearshore samples, where electroactive but 

non-amphiphilic compounds—often introduced through wastewater or urban runoff—may 

be over-represented in nearshore environments like Plymouth. Filtration likely removed 

larger biogenic surfactants, including exopolymeric substances (EPS), proteinaceous gels, 

and colloidal surfactants—components known to strongly reduce surface tension but often 

weakly detected electrochemically. Their absence in the Plymouth samples helps explain the 

flat surface tension response, despite high SA values. It is important to note that these 

Plymouth samples are not directly comparable to the unfiltered North Sea (Whitby) SML 

dataset or the processed samples analysed by Frossard et al. (2019). These results provide a 

strictly technical comparison of tensiometric and voltammetric responses on filtered SML 

samples and are not intended for environmental interpretation. Further supporting this 

interpretation, over a 20-month time series, the surface tension of filtered Plymouth samples 

remained steady at 73.07 ± 0.53 mN m⁻¹, with brief dips to ~71.0 mN m⁻¹ in mid-2020 and 

summer 2021. In contrast, surfactant activity (again of filtered seawater) averaged 

0.31 ± 0.17 mg L⁻¹ eq. TX-100 but showed episodic spikes, particularly in spring as shown 

in Figure 18. 
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Figure 18: Time series of surface tension and surfactant activity (SA) in filtered SML samples from 

Plymouth (January 2020–September 2021). Surface tension (top) and surfactant activity (bottom) are shown 

with mean values indicated by dashed lines (73.07 mN m⁻¹ and 0.31 mg L⁻¹ TX-100 equivalents, 

respectively). Error bars represent standard deviations. The data highlight modest fluctuations in surface 

tension and episodic increases in surfactant activity over the study period. 

 

Regression analysis further emphasised this difference: Figure 19 illustrates the relationship 

between voltammetric surfactant activity (SA, in mg L⁻¹ TX-100 equivalents) and 

tensiometric surface tension for filtered SML samples in 2020 and 2021. In the 2020 panel, 

the linear fit (y = –0.88 x + 73.43) yields R² ≈ 0.00 (p = 0.761), indicating no significant 

trend: surface tension remains clustered around 72–74 mN m⁻¹ regardless of SA within this 

range. Similarly, the 2021 data show a nearly flat regression (y = 0.04 x + 72.97; R² ≈ 0.00, 

p = 0.975) with overlapping tension values across SA. The absence of any meaningful slope 

in both years confirms that, under filtered conditions where colloidal and high-molecular-

weight surfactants are removed, voltammetric SA does not scale linearly with interfacial 

tension within the typical concentration window. These results underscore that voltammetric 

SA reflects adsorption at a mercury electrode rather than at the air–water interface. 

Therefore, it cannot be assumed to scale linearly with interfacial activity—particularly in 

filtered samples lacking natural colloidal surfactants.  



86 
 

Furthermore, the low concentrations of dissolved surfactants in these filtered SML samples 

and the limited sensitivity of tensiometric methods likely contribute to the observed 

decoupling since, at such low SA levels, the expected decrease in surface tension may be 

smaller than the instrument’s resolution. Consequently, even when voltammetry detects 

measurable electroactive species, tensiometry may not register a significant change in 

interfacial tension if the surfactant loading is near or below its detection threshold. This 

limitation underscores the importance of considering both analytical sensitivity and sample 

concentration when interpreting the absence of a linear relationship between SA and surface 

tension in filtered samples.  

 

 

Figure 19: Surface tension vs. voltammetric SA (mg L⁻¹ TX-100 eq.) for filtered SML samples: 2020 (left) 

2020 data: y = –0.88x + 73.43 (R² = 0.00, p = 0.761), indicating no significant linear trend. Also 2021 (right) 

shows no meaningful relationship y = 0.04x + 72.97 (R² = 0.00, p = 0.975). Dashed boxes display the 

regression equation and coefficient of determination for each panel.  

 

Taken together, these results emphasise that tensiometry and voltammetry assess 

complementary but non-identical facets of surfactant behaviour. Tensiometric 

measurements reflect the compounds' interfacial accumulation and disruption of water 

cohesion, whereas AC voltammetry probes electrochemical interactions at the mercury 

electrode. The absence of a detectable SA–tension relationship in both years under filtered 

conditions likely arises from the limited sensitivity of tensiometry at low surfactant levels 
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and the reduced surfactant concentrations observed. Importantly, when contrasted with the 

untreated natural SML samples, this analysis highlights how filtration removes key surface-

active macromolecules that are critical to interfacial behaviour—underscoring that only 

native SML samples faithfully represent real marine conditions. These findings highlight the 

importance of refining protocols for SML sampling and filtration. They also provide a 

framework for interpreting SML surfactant dynamics in large-scale monitoring or process 

studies, especially when correlating chemical properties with oceanographic or 

meteorological variables. 

To enable direct comparison with the processed datasets reported by Frossard et al. (2019), 

the concentrations of both natural SML and TX-100 surfactants were converted from mg L⁻¹ 

TX-100 equivalents to mol L⁻¹. This standardisation was necessary because Frossard’s data 

were reported exclusively in molar units. All processed seawater samples (Stations 4, 1, and 

4B) came from biologically productive water masses and were 0.45 µm-filtered and 

subjected to C18 SPE (500 mg/3 mL) with acetonitrile elution, N₂ drying, and reconstitution 

in 40 µL Milli-Q water; surfactants were quantified by class-specific ionic-dye UV–Vis 

assays. Surface-tension isotherms—measured by pendant-drop tensiometry at 20.2 ± 1.0°C 

over 1–10 min (equilibrium assured, no evaporation), with each bulk seawater sample 

replicated 3 times.  

The comparison of surface tension isotherms is shown in Figure 20. Natural SML exhibits 

an exceptionally low CMC (4.4 × 10⁻⁷ mol L⁻¹) and high plateau tension (50.9 mN m⁻¹), 

indicative of a densely packed monolayer of high-molecular-weight amphiphiles that resist 

further compression. In contrast, processed seawater extracts show CMCs of 3.2 × 10⁻⁵ to 

1.6 × 10⁻⁴ mol L⁻¹ and plateau tensions of 30–37 mN m⁻¹, reflecting the selective loss or 

dilution of trace, highly surface-active constituents during 0.45 µm filtration and C18 SPE. 

The steep pre-CMC slope in natural SML implies that only nanomolar concentrations suffice 

for interfacial saturation, whereas processed samples require concentrations two to three 
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orders of magnitude higher. Spatial trends among Stations 4, 1 and 4B further underscore 

the influence of water-mass age: Station 4B’s highest CMC corresponds to freshly upwelled 

organics, while Station 1’s lower CMC suggests accumulation of more surface-active 

degradation products. These contrasts demonstrate that filtration and SPE bias against the 

very macromolecules that dominate interfacial behaviour in untreated SML (Figures 20, 

Table 9). Consequently, laboratory proxies based on processed extracts risk underestimating 

the role of native amphiphiles in modulating surface tension and bubble-burst dynamics. 

Incorporating unprocessed SML—or synthetic mixtures that replicate its steep isotherm 

characteristics—is therefore essential for accurate modelling of air–sea exchange.  

 

 

Figure 20: Surface‐tension isotherms for natural SML (solid blue circles), Triton X-100 standard (solid green 

squares), and processed seawater extracts from Stations 4 (grey dotted triangles), 1 (orange dash-dot 

triangles) and 4B (brown diamonds; Frossard et al. 2019). Natural SML exhibits the lowest CMC (4.4 × 10⁻⁷ 

M) and the highest residual tension (σ∞ ≈ 50.9 mN m⁻¹), whereas the processed samples and TX-100 require 

two to three orders of magnitude higher concentrations to reach their plateau tensions (30–37 mN m⁻¹), 

reflecting the selective loss or dilution of highly surface-active components during filtration and SPE. All 

isotherms represent equilibrium surface tension behaviour measured under controlled laboratory conditions. 
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Table 9: CMC and plateau surface tension (σ∞) for natural SML, processed seawater samples, and TX-100. 

Natural SML shows the lowest CMC and highest σ∞, indicating superior surface activity. 

 

 eries C C  mol L⁻¹   lateau  m  m⁻¹  

 atural   L 4.4 × 10⁻⁷ 51 

 tation 4 3.2 × 10⁻⁵ 37 

 tation 1 5.0 × 10⁻⁵ 30 

 tation 4B 1.6 × 10⁻⁴ 30 

 X 100 3.7 × 10⁻⁵ 31 

 

In conclusion, these findings confirm that tensiometry and voltammetry assess related but 

non-identical properties of the surfactant pool. This study demonstrates the utility of 

combining tensiometric and voltammetric techniques to characterise surfactant activity in 

the sea surface microlayer. Tensiometry provides a comprehensive measure of interfacial 

behaviour, while voltammetry offers specificity for electroactive components. The 

alignment observed in unfiltered samples confirms that both methods are complementary 

when surface-active substances are present in their native state. Conversely, the lack of 

correlation in filtered samples underscores the limitations of relying solely on 

electrochemical detection, particularly where high-molecular-weight or colloidal surfactants 

have been removed. These findings emphasise the importance of preserving native SML 

composition and adopting integrated analytical approaches in future studies of ocean–

atmosphere exchange and marine biogeochemistry. It is also important to recognise that the 

surface tension values discussed here reflect equilibrium or near-equilibrium conditions 

achieved under controlled laboratory settings. While such conditions enhance the 

detectability and comparability of surfactant signals, they do not fully capture the 

continuously forced nature of the in situ sea surface. Accordingly, the relationships identified 

in this study should be interpreted as defining the potential influence of native surfactants on 
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interfacial properties, rather than their instantaneous expression under dynamic marine 

conditions. 

2.9. Developing a Storage Test Protocol 

2.9.1 Comparative Analysis of Storage Techniques 

Initially, the SML samples were collected and preserved in an ice-filled cork box to maintain 

ambient temperatures until the first surface tension analyses (T0) could be conducted. 

Subsequently, two distinct methodologies were employed for freezing the samples: a 

controlled cooling method using gradual freezing containers before storage at −80°C and a 

rapid freezing method without any controlled cooling mechanism. These were selected to 

evaluate how freezing conditions influence the stability of SAS and to determine the optimal 

protocol for maintaining sample integrity over time. 

The controlled cooling process (at approximately −1°C per minute) was designed to 

minimise ice crystal formation and structural damage to surfactants, potentially preserving 

the original characteristics of the samples. This approach, commonly used in biological 

preservation, may benefit SML studies by reducing surfactant alteration during freezing and 

thawing (Chang & Kendrick, 1996; Matsubara et al., 2024). In contrast, the rapid freezing 

method involved placing SML samples directly into a −80°C freezer without using a gradual 

cooling device. This offered a practical, resource-efficient approach but raised concerns over 

uncontrolled ice formation and potential degradation of surfactants (Esmaeili et al., 2021; 

Kim et al., 2007). A rapid temperature drop can facilitate the growth of large ice crystals, 

which may physically disrupt surfactant assemblies. This risk is particularly relevant for 

nonionic surfactants, which are prone to phase separation or aggregation under certain 

freezing conditions (Garti et al., 1996; Chen and Wang, 2007; Pot et al., 2015). A third 

condition—storage at 4°C—was included to assess stability under refrigeration, commonly 

used for short-term storage but potentially problematic due to microbial activity and 
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chemical degradation (Tokiwa et al., 2018). This comparative design aimed to identify the 

most reliable method for preserving SML samples and SAS stability, with a focus on surface 

tension as the primary metric. The results below explore how each condition affects 

interfacial behaviour, including the role of container size. These findings have important 

implications for developing standardised protocols that ensure reliable and consistent 

analysis of the SML, particularly in the context of long-term marine research expeditions. 

2.9.2 Gradual Freezing: Performance and Limitations 

The controlled freezing process, using specially designed 5 mL vials, aimed to minimise 

intracellular ice formation, reduce potential structural damage to surfactants and maintain 

molecular integrity in biological systems, thereby preserving the original characteristics of 

the samples (Whaley et al., 2021; Hunt, 2017). However, surface-tension measurements 

showed notable variability, likely due to surfactant adsorption onto the container walls: two 

vials tested on the same day produced markedly different results. Although this method is 

commonly employed in biological contexts (Chang & Kendrick, 1996; Matsubara et al., 

2024), these findings suggest it may not reliably preserve interfacial properties in small-

volume SML samples. As shown in Figure 21, it became clear that Replicate 1 (R1) and 

Replicate 2 (R2) do not track identically, deviating from the same-day T₀ baseline (~ 67.47 

mN m⁻¹) at multiple time points. By Day 1, R2 has risen sharply to 70.88 mN m⁻¹ while R1 

remains at 67.44 mN m⁻¹. Subsequent time points show R1 sometimes above and sometimes 

below R2, e.g., Day 2 (R1 = 72.10 vs R2 = 67.33) and Day 3 (R1 = 69.98 vs R2 = 67.33). 

By Day 25, R1 is 67.53 mN m⁻¹ while R2 sits at 72.01 mN m⁻¹—a full 4 mN m⁻¹ divergence. 

These consistent deviations suggest initial surfactant loss followed by limited interfacial re-

equilibration. While controlled freezing effectively pauses biochemical degradation, 

physical interactions with container surfaces can significantly influence SAS retention. 
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Figure 21: Surface tension in two replicate 5 mL vials over 25 days under Mr. Frosty gradual freezing. Slate-

blue bars (Replicate 1) and light-grey bars (Replicate 2) show individual measurements; black markers ± 

whiskers indicate the mean ± SD; the dashed green line marks the T₀ baseline (67.47 mN m⁻¹). The y-axis 

spans 64–74 mN m⁻¹. Divergence between replicates at Day 1, Day 7, Day 15 and Day 25 reveals vial-specific 

surfactant adsorption and interfacial instability.  

 

The pronounced divergence between replicates on the same day cannot be attributed to 

heterogeneity in sample composition or cooling rate—both vials underwent identical 

freezing conditions—but rather to adsorption of amphiphilic molecules onto the high 

surface-area vial walls. Similar behaviour has been reported in pharmaceutical formulations, 

where small-volume containers promote significant protein and surfactant adsorption 

(Rathore & Rajan, 2008; Kiran et al., 2011), removing amphiphilic material from the 

interface, reducing interfacial coverage and elevating surface tension. 

These observations underscore that, although controlled freezing may halt chemical 

degradation, it does not inherently preserve interfacial SAS in small volumes. Container 

geometry, material and surface chemistry must therefore be treated as critical design 

parameters in SML sample storage—larger, low-adsorption vessels or surface-passivation 

treatments may be required to maintain interfacial stability. Future storage protocols should 

explicitly optimise both the freezing regime and container characteristics to ensure 

reproducible surface-tension measurements in SML studies. 
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2.9.3 Rapid Freezing: Interfacial Stability and Preservation 

The rapid freezing protocol used 60 mL containers placed directly into a −80°C freezer. 

Surface tension measurements remained stable around 62 mN m⁻¹ over 60 days, with  2% 

fluctuation—indicating strong preservation of interfacial activity (Figure 22). 

This stability may be partly attributed to the use of larger containers, which presented a lower 

surface-area-to-volume ratio compared to smaller vials, thereby reducing surfactant loss 

through wall adsorption. Additionally, larger containers may help buffer thermal gradients 

during freezing and reduce localised concentration effects that can destabilise surfactant 

assemblies, contributing to overall interfacial stability (Cheng et al., 2004; Franks, 1985). 

Although rapid freezing is typically associated with the risk of ice crystal formation, which 

can disrupt surfactant assemblies, no evidence of such degradation was observed in this 

study. Prior work suggests that systems with structured surfactant matrices can tolerate 

sudden freezing when protected from thawing and physical agitation (Morales et al., 2022; 

Minatovicz et al., 2023). 

 

Figure 22: Surface tension of SML samples over 60 days stored at 4°C and -80°C. Samples at 4°C show an 

initial rise, stabilizing around 72 mN m-1, while samples at -80°C remain stable near (within 2% of) the starting 

value of 62 mN m-1. 
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This stability may be partly attributed to the use of larger containers, which presented a lower 

surface-area-to-volume ratio compared to smaller vials, thereby reducing surfactant loss 

through wall adsorption. Additionally, larger containers may help buffer thermal gradients 

during freezing and reduce localised concentration effects that can destabilise surfactant 

assemblies, contributing to overall interfacial stability (Cheng et al., 2004; Franks, 1985). 

Although rapid freezing is typically associated with the risk of ice crystal formation, which 

can disrupt surfactant assemblies, no evidence of such degradation was observed in this 

study. Prior work suggests that systems with structured surfactant matrices can tolerate 

sudden freezing when protected from thawing and physical agitation (Morales et al., 2022; 

Minatovicz et al., 2023). 

When compared with refrigeration at 4°C, the advantage of rapid freezing becomes even 

clearer. Surface tension measurements diverged significantly between the two conditions. 

Initially identical (~62 mN m⁻¹), 4°C samples increased to ~71 mN m⁻¹ by Day 2, stabilising 

at values characteristic of clean seawater as illustrated in Figure 22. This shift reflects 

degradation of surface-active substances and loss of interfacial activity. 

2.9.4 Integrating Findings from Surface Tension and Voltammetric Analyses: 

Current Work vs. Salter (2010) 

These findings were qualitatively compared with the results of Salter (2010), who 

investigated surfactant degradation under several storage conditions using voltammetric 

analysis of SML samples from the River Tyne estuary. Salter observed that, at 5 °C, filtered 

samples exhibited a moderate decline in surfactant activity, whereas unfiltered, untreated 

samples suffered a severe loss. Filtration provided only partial protection, and HgCl₂ 

preservation afforded some improvement, yet neither approach matched the stabilisation 

achieved by –80 °C storage. Despite using different analytical approaches (voltammetry 

versus surface tension), both studies reveal the same pattern: refrigeration degrades 

interfacial-active compounds, while deep freezing preserves them, as shown in Figure 23. 
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An alternative representation would be to plot the change in surface tension relative to the 

−80 °C samples, which act as a stable baseline; however, the absolute presentation retained 

here allows direct comparison with published datasets and highlights both the magnitude 

and direction of storage-induced drift. 

 

 

Figure 23: Temporal evolution of surfactant-related properties in sea surface microlayer (SML) samples 

stored under various conditions. (A) Surface tension (mN m⁻¹) of unfiltered samples from this study. (B) 

Surfactant activity (TX-100 eq., mg L⁻¹) from Salter (2010).  

 

It is important to recognise that the two analytical methods used capture different fractions 

of the surfactant pool. Voltammetry selectively detects electroactive surfactants, such as 

Triton X-100 analogues, that adsorb to a mercury electrode surface. In contrast, surface 

tension provides a holistic measure of interfacial activity, encompassing all surface-active 

substances, including non-electroactive biogenic colloids and high-molecular-weight 

polymers (Zhou et al., 1998). In addition, the two sampling sites differ substantially in their 

environmental context. The Whitby samples originated from a biologically productive shelf 

region, whereas Salter’s estuarine samples from the River Tyne are more likely to reflect 
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terrestrial and anthropogenic inputs. These differences in location and matrix likely 

influence the molecular composition, degradation pathways, and overall reactivity of the 

SAS assemblages observed (Cunliffe et al., 2013). Although direct numerical comparison 

between voltammetry and surface tension is not appropriate due to their differing 

sensitivities and detection scales, the alignment of qualitative trends across both datasets 

underscores storage temperature as the critical factor in preserving surfactant activity in 

natural marine samples. This consistency not only reinforces the validity of our surface-

tension–based protocol for long-term SML stability assessments but also supports its broader 

adoption—particularly when −80 °C storage is employed—to ensure the integrity of surface-

active material in future research. 

In conclusion, this study demonstrated that −80 °C deep freezing, particularly in large, low-

adsorption containers, offers the most reliable strategy for preserving surface-active 

substances (SAS) in sea surface microlayer (SML) samples. While voltammetry provides 

higher sensitivity for specific electroactive compounds, surface tension proved to be a robust 

and integrative indicator of overall interfacial activity in unfiltered marine samples. This 

protocol addresses a critical gap in marine surface research by offering a validated, practical 

solution for long-term storage in field-based or time-delayed analytical contexts. The 

consistent trends observed across methods confirm storage temperature as the principal 

determinant of SAS integrity. 

2.10 Conclusion 

This study demonstrated that reliable characterisation of surface-active substances (SAS) in 

the sea surface microlayer (SML) depends critically on both analytical method and storage 

protocol. Using a combined approach—tensiometry to assess total interfacial behaviour, and 

voltammetry to quantify electroactive components—we evaluated how SAS integrity is 

preserved or degraded under different conditions. 
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Surface tension measurements proved highly sensitive to cumulative interfacial effects, 

while voltammetric analysis offered specificity for electroactive species, particularly when 

employing the multiple deposition-time calibration method. This approach significantly 

improved analytical precision and reduced systematic error relative to the conventional 15-

second method, enabling a more robust quantification of surfactant activity (SA). 

Among storage conditions tested, deep-freezing at −80 °C in large-volume, low-adsorption 

containers most effectively preserved surface-active properties. In contrast, refrigeration at 

4 °C resulted in rapid degradation, reflected by elevated surface tension values. The use of 

Mr Frosty for gradual freezing, though effective in biological systems, exhibited increased 

variability in small vials likely due to surfactant adsorption to container walls. 

Critically, the study showed that filtration and chemical preservatives failed to match the 

preservation performance of freezing. Unfiltered, untreated SML samples frozen at −80 °C 

maintained interfacial properties over time, reinforcing the importance of maintaining native 

sample composition. 

Together, these findings confirm that tensiometry and voltammetry probe complementary 

but non-identical facets of the surfactant pool, and that only unaltered, native SML samples 

enable reliable interpretation of air–sea interfacial dynamics. They also offer a validated 

protocol for sample preservation and a framework for interpreting SML surfactant variability 

across environmental gradients. Overall, this work advances our understanding of the 

physical and chemical dynamics at the air–sea interface and affirms the importance of 

integrated approaches in SML research. 
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Chapter 3: Surface tension of the ocean and its relationship with 

environmental variables  

3.1 Preface to the Chapter  

This chapter investigates seasonal variability in sea surface microlayer (SML) film coverage 

(Δσ) within a temperate coastal system in the western English Channel. Weekly 

measurements of unfiltered SML and underlying waters (November 2019–September 2021) 

are used to quantify surface-tension dynamics and evaluate their relationship with 

temperature, phytoplankton biomass, and nutrient variability. 

By integrating surface-tension data with biogeochemical observations, this chapter examines 

the biological and physical controls governing surfactant film formation in a productive 

coastal environment and establishes a baseline for comparison with open-ocean conditions. 

3.2 Objectives 

1. Derive a high-resolution two-year time series of Δσ from paired SML and underlying 

water tensiometry. 

2. Characterise the seasonal and temporal variability of Δσ in a temperate coastal 

environment. 

3. Evaluate the relationship between Δσ and potential physical, chemical, and 

biological drivers, including sea surface temperature, phytoplankton biomass, 

chlorophyll-a, dissolved inorganic nitrogen (nitrate and ammonium), dissolved 

organic carbon, selected fatty acids, wind speed, and river discharge. 

4. Apply correlation and multivariate regression analyses to determine the relative 

importance of these variables in regulating surfactant film formation.  
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Through these objectives, the chapter examines the integrated controls governing SML 

surfactant films in temperate coastal waters.  

3.3.  Methods 

3.3.1 Sample locations 

Sampling followed the detailed protocol described in Chapter 2, Section 2.3.2, with 

campaign-specific variations as noted below: 

Plymouth Marine Laboratory (PML) Campaign  

 The English Channel samples were collected between November 2019 and September 2021 

onboard the RV Plymouth Quest, at locations plotted in Figure 6 (50° 19′ 12″ N, 4° 10′ 12″ 

W to 50° 18′ 32.4″ N, 4° 11′ 27.6″ W). Collections occurred approximately once per week 

for 76 weeks, primarily ~0.5 km offshore of Rame Head, Cornwall. Samples were collected 

by the PML team, and either analysed at the PMl laboratories (unfiltered ST analysis) of 

filtered (0.7 um GF/F), frozen at -20oC and retruned to the University of York for analysis. 

3.3.2 Surface Tension Measurements 

Surface tension measurements were carried out using the Kibron EZ Plus tensiometer 

equipped with a platinum Wilhelmy plate and a thermocouple, following the cleaning, 

equilibration, and calibration procedures described in Chapter 2, Section 2.5. Instrument 

accuracy (±0.1 mN m⁻¹) and precision (±0.05 mN m⁻¹) are as specified by the manufacturer. 

Screen specifications, rinsing procedures, and microlayer-thickness calculations are as 

detailed in Chapter 2, Sections 2.4. Analysis of unfiltered samples collected during the 

PPAO campaign were analsyed within 4 hours of collection in the PML Laboratories; 

analysis was conducted by R. May, PML technician.  CONNECT samples were defrosted 

and analysed at the University of York within 2 months of collection. 

Brief Procedure 
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The small glass sample vessel (∼3 mL) was rinsed with Milli-Q water and ethanol, soaked 

in 4% HCl for 5 minutes, then rinsed again with Milli-Q and oven-dried at 120 °C. After 

cooling under compressed nitrogen, samples were poured into the vessel and equilibrated 

for at least 5 minutes with a thermocouple. Before each run, the platinum Wilhelmy plate 

was rinsed with Milli-Q water, flame-sterilised for a few seconds, and mounted in the 

tensiometer. All cleaning, rinsing, and Garrett-screen handling steps follow Chapter 2, 

Section 2.5.1. 

3.3.3 Surfactant Activity Measurements 

Surfactant activity was quantified using AC voltammetry with a Metrohm 663 VA Stand 

and an IME623 Autolab potentiostat/galvanostat. The system employed a hanging mercury 

drop electrode (HMDE), a saturated Ag/AgCl reference electrode, and a platinum auxiliary 

electrode. A deposition potential of –0.6 V was applied while stirring the sample, allowing 

surface-active material to adsorb onto the HMDE. The resulting change in capacitance 

current (CCi) was used to assess surfactant concentrations. Measurements used both a 

standard 15-second deposition and a multiple deposition time approach (5–60 s) for 

improved precision. Calibration was performed with TX-100, and blanks were run with 

Milli-Q water. Full procedural details are described in Chapter 2, Section 2.7. 

3.3.4 Ancillary Biogeochemical Measurements 

3.3.4.1 Dissolved Organic Carbon Analysis 

Throughout both the coastal and open ocean campaigns, small portions of filtered (GF/F) 

samples were preserved by freezing them at a temperature of -20 oC. These samples were 

then analysed by Katherine Weddell at the University of York to determine the dissolved 

organic carbon (DOC) amount. In this analysis, 9 mL of the sample, ultrapure water blank, 

or standard was put into a 12 mL glass vial that had been washed with acid. The vial was 

then covered with tin foil. Each vial was treated with a 10% HCl solution to remove any 
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inorganic carbon and then assessed using an Elementar Vario TOC cube instrument. The 

standards were made by diluting a commercial TOC standard (TOC standard 50 mg L-1, 

76319 – 250ML – F, Supelco) with ultrapure water (MQ). For the CONNECT campaign, 

DOC analyses were conducted by Anja Engel 

3.3.4.2 Chlorophyll-a Analysis and Phytoplankton Biomass Estimation 

During the coastal time-series campaign, water samples were collected and filtered using a 

47 mm diameter GF/F filter paper to determine the concentration of chlorophyll-a. The 

volume of water filtered ranged from 0.1 to 1 L. The remaining substance was obtained by 

employing 90% acetone for extraction, and the concentration of chlorophyll-a was 

determined by fluorescence measurement using a Turner Trilogy fluorometer. Chlorophyll-

a measurements were conducted by R. May and O. Jones at PML. Phytoplankton biomass 

was estimated by Matthew Jones (University of York) using data from L4 provided by Claire 

Widdicombe (PML). For the CONNECT campaign, chlorophyll-a concentrations, including 

measurements were determined by Rüdiger Röttgers (Hereon Institute). Total phytoplankton 

cell counts (cells/mL) were collected onboard by Sandra Golde and Tania Klüver, analysed 

by Klüver, and provided by Anja Engel.  

3.3.4.3 Fatty Acid and Nutrient Analysis 

Fatty acid analysis was carried out by Katherine Weddell. Throughout both the coastal 

(PML) and CONNECT campaigns, seawater samples were filtered through an inline 0.7 µm 

GF/F filter and either processed immediately or defrosted (where previously frozen at –20 

°C). In this analysis, 2 L of each filtered sample—acidified to pH 2 with 37 % HCl—was 

percolated through Agilent Bond Elut PPL cartridges (500 mg sorbent, 6 mL) at ≤ 10 mL 

min⁻¹ under gentle vacuum. Cartridges were pre-conditioned with three headspaces of 

Optima LC/MS-grade methanol, then rinsed with three headspaces of 0.01 M HCl, dried 

under vacuum for 5 min, and eluted with 8 mL methanol into ashed glass vials. Eluates were 

capped, sealed with Parafilm, and stored at –20 °C until derivatisation. 
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For GC-MS analysis, each 8 mL methanol extract received 50 µL methyl nonadecanoate 

internal standard (0.1 mg mL⁻¹), 0.103 mL concentrated H₂SO₄ (95–97 %), and 4 mL hexane. 

Vials were flushed with N₂, sealed, and heated gently until solvent reflux persisted for 2 h. 

After cooling, acidity was neutralized by sequential additions of 1 mL hexane and 2 mL 

distilled water, with aqueous phases removed by pipette (three times). The combined hexane 

layers were centrifuged, dried under N₂, and re-dissolved in 100 µL hexane. 

Samples were analysed on an Agilent 6850 GC coupled to a 5975C MSD (EI mode): 1 µL 

injections (5:1 split) at 250 °C inlet temperature; He carrier flow of 1 mL min⁻¹; oven held 

at 50 °C for 2 min, ramped to 140 °C at 10 °C min⁻¹, to 220 °C at 3 °C min⁻¹, then to 260 °C 

at 30 °C min⁻¹ (6 min hold). A full mass scan (m/z 50–500) was followed by SIM at m/z 55, 

67, 69, 74, 79, 81, 87, and 93 (50 ms dwell). Data were processed using Agilent MassHunter 

and the NIST spectral library, with external calibration against authentic standards where 

available.; Full details and method development are described in Weddell (2023). Nutrient 

concentrations were determined by Malcolm Woodward at PML. Nitrate (NO₃⁻) and 

phosphate (PO₄³⁻) concentrations during the CONNECT campaign were measured and 

provided by Hermann Bange (GEOMAR).  

3.4 Results and Discussion 

3.4.1 Seasonal and Spatial Dynamics of Surface Microlayer Properties 

This section investigates the variability of surface tension (ST) and surfactant activity (SA) 

in the surface microlayer (SML) and underlying water (ULW) across temporal (seasonal) 

and spatial (coastal vs. open ocean) gradients. Enrichment factors (EFs) were calculated to 

quantify the relative concentration of surface-active substances at the air-sea interface. 

Surface tension measurements reveal marked spatial contrasts between the coastal English 

Channel (Nov 2019–Sep 2021) and the open ocean (CONNECT campaign, Dec 2021–Jan 

2022). The open ocean exhibited higher and more stable SML surface tension (mean: 72.34 
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mN m⁻¹; range: 68.53–73.3 mN m⁻¹). In contrast, English Channel SML values were lower 

and more variable (mean: 70.09 mN m⁻¹; range: 59.4–73.99 mN m⁻¹), indicating greater 

influence from surfactant-active substances. Similarly, film coverage variability (Δσ) was 

broader in the coastal zone (0.46–15.14 mN m⁻¹) than in the open ocean (0.09–4.78 mN m⁻¹), 

reinforcing the idea of a more variable and surfactant-rich environment nearshore (Figure 

24, upper panels, Table 11). 

This spatial distinction is further corroborated by surface tension observations along the RV 

SONNE transect (Las Palmas to Guayaquil). During the initial stages, sampling in the 

oligotrophic North Atlantic Tropical Gyral Province (WATR) revealed reduced SML 

surface tension (mean: 68.73 mN m⁻¹) despite the region’s remoteness and very low 

productivity. These lower values are unlikely to result from terrestrial inputs or 

anthropogenic influence and may instead reflect the accumulation of surfactant-active 

material within the gyre. In contrast, subsequent stations in the Caribbean, Chile-Peru 

Current, and Central American Coastal provinces exhibited higher and more stable SML 

surface tension (mean: 73.3 mN m⁻¹), closely aligned with the reference value for pure water 

(72.8 mN m⁻¹). This pattern suggests that microlayers in these regions were relatively 

depleted in surfactant material and influenced by lower biological activity. 

Previous studies agree with results. Schmidt and Schneider (2011) observed tension 

depressions of up to 10 mN m⁻¹ in coastal Baltic waters, particularly during spring 

phytoplankton blooms. Similarly, Burdette et al. (2022) reported SML ST depressions of 

3.36–4.11 mN m⁻¹ due to surfactant-active substances. Such reductions align with the 

magnitude of ST differences found in the English Channel, reinforcing the biogenic origin 

of coastal surfactants. 
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Figure 24: Time series of surface tension and surfactant activity in the surface microlayer (SML) and 

underlying water (ULW) from the English Channel (Jan 2020–Sep 2021), with SML data from CONNECT 

added for comparison. Top: Surface tension (mN m⁻¹) with red triangles (SML), blue circles (ULW), and red 

squares (CONNECT SML); the grey line marks pure water tension (72.8 mN m⁻¹). Bottom: Surfactant 

activity (mg L⁻¹ eq. T-X-100), showing elevated SML values during spring–summer. 

 

 

The stacked plots (Figure 24) provide a comparative view of surface tension and surfactant 

activity in the ULW and SML. The upper panel illustrates the variability of surface tension 

values, highlighting consistently lower, more variable surface tensions in the SML compared 

to the ULW, reflecting enrichment with surfactant-active substances (SAS). Notably, 

fluctuations in SML surface tension indicate stronger and more surfactant enrichment, 

particularly in late spring and summer, compared to the relatively stable ULW values, which 

cluster near the pure water reference (72.8 mN m⁻¹).  

Complementing surface tension measurements, surfactant activity was assessed 

voltammetrically and expressed in Triton X-100 equivalents (mg L⁻¹) (Figure 24, lower 

panel). Surfactant activity in the SML regularly exceeded that of underlying water (ULW), 
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displaying pronounced seasonal peaks during late spring and summer months (May–July). 

Such peaks indicate periods of increased biogenic production are associated with 

accumulation of surfactants at the sea-air interface. This observation underscores the ability 

of voltammetry to detect subtle variations in surfactant concentrations, highlighting 

differences not readily captured through surface tension measurements alone. SA values 

observed in this study (SML: 0.057–1.10 mg L⁻¹ eq. T-X-100; ULW: 0.050–0.80 mg L⁻¹ eq. 

T-X-100) are consistent with prior work. Frew et al. (2002) reported 0.05–3.00 mg L⁻¹ in the 

Sargasso Sea and coastal areas, Wurl et al. (2011b) found 0.10–1.57 mg L⁻¹ across the 

Atlantic, and Sabbaghzadeh et al. (2017) reported up to 1.77 mg L⁻¹ during trans-Atlantic 

cruises. Lower values are typically linked to oligotrophic offshore waters, while elevated 

concentrations signal biologically productive coastal regimes. 

Surface tension measurements in the temperate coastal ocean exhibit strong seasonal cycles 

(Figure 24, upper panel). Winter (Dec–Feb) SML values were relatively high and stable 

(~73.5–73.9 mN m⁻¹), indicative of reduced biological activity. Spring (Mar–May) 

introduced substantial fluctuation, from 73.6 mN m⁻¹ in March to 63.4 mN m⁻¹ in May, 

consistent with the expected timing of the spring phytoplankton bloom in temperate coastal 

waters. Summer (Jun–Aug) showed continued variability, with pronounced tension 

depression (63.1–66.1 mN m⁻¹), while Autumn (Sep–Nov) reflected a rebound toward 

higher values (63.9–73.7mN m⁻¹). 

Comparing 2020 and 2021, seasonal trends were present in both years, but the 2021 dataset 

was characterised by slightly higher average SML ST and reduced variability. In contrast, 

2020 displayed sharper seasonal transitions, particularly a substantial summer drop. These 

results suggest interannual variability modulates but does not override the dominant seasonal 

pattern. 
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Enrichment Factors (EF) 

To further quantify microlayer dynamics, enrichment factors were calculated. The surface 

tension enrichment factor ranged from 0.84 to 1.38 (mean: 1.05; add median) in the English 

Channel, peaking during midsummer and converging to unity during winter. CONNECT 

open-ocean ST EF values were tightly clustered near unity (0.94–0.99, mean: 0.98; median), 

underscoring lack of SML enrichment ( Figure 25, upper panel and Table 10). 

 

Figure 25: Seasonal time series of enrichment factors (EFs) for the surface microlayer (SML) in the English 

Channel and open ocean. Top: Surface tension-derived enrichment factor (ST EF), colour-coded by season, 

with CONNECT open-ocean values shown as yellow squares. Bottom: Surfactant-activity enrichment factor 

(SA EF), derived voltammetrically. The black line at EF = 1 denotes no enrichment. SA EF shows greater 

variability and higher peaks than ST EF, particularly during spring and summer, highlighting strong biogenic 

surfactant enrichment in the SML. 

 

Voltammetrically measured surfactant activity enrichment during the PML campaign ranged 

from 0.50 to 3.00 (mean: ~1.80), with winter values near unity and peak enrichments (~3.0) 

in late spring and summer (Figure 25, lower panel). While both ST EF and SA EF exhibited 
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seasonal trends, SA EF showed higher variability and amplitude, suggesting it is more 

sensitive to episodic, possibly biological events. This divergence reflects methodological 

differences. ST EF responds to overall film coverage affecting interfacial tension, while SA 

EF detects specific electroactive surfactants that may occur in transient concentrations. 

Winter minima in both metrics likely reflect either reduced biological surfactant production 

and/or increased mixing and dispersion. Increased surfactant consumption by microbes is 

another possible factor; however, microbial degradation rates generally decline at low 

temperatures—making higher winter consumption unlikely to be the dominant cause (Bagi 

et al., 2013, Gillooly et al., 2001). 

Together, ST EF and SA EF capture both broad‐scale and transient SML variability: in the 

English Channel, ST EF (0.84–1.38) peaks with spring blooms and SA EF (0.50–3.00) 

spikes during rapid phytoplankton growth; along SO287–CONNECT both metrics (ST EF 

0.94–0.99; SA EF 0.70–1.20) remain near unity, reflecting oligotrophic stability. These 

patterns mirror bloom‐driven SAS increases (  0.005 to ~ 0.02–0.03 mg L⁻¹; Croot et al., 

2007) and EF ranges of 1.7–2.7 across trophic regimes (Wurl et al., 2011) , providing a 

robust framework that underscores stronger biogenic heterogeneity in coastal microlayers. 
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Table 10: Summary of surface microlayer (SML) statistics in the English Channel and open ocean, including 

surface tension (ST), surfactant activity (SA), enrichment factors (EF), and film coverage (Δσ) over specified 

date ranges.  
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3.4.2 Environmental and Biogeochemical Controls on Surfactant Film Coverage in 

the Coastal SML 

Building on the seasonal and spatial variability in surface tension and surfactant activity 

observed across English Channel and open‐ocean waters, we examined the potential 

environmental and biological drivers of surfactant film coverage (Δσ) in the sea surface 

microlayer (SML), defined here as the reduction in surface tension relative to surfactant-free 

seawater and representing the cumulative effect of surface-active substances at the air–sea 

interface. While enrichment factors provided a quantitative measure of microlayer 

enhancement, they did not resolve the underlying mechanisms driving temporal and spatial 

heterogeneity. To address this, we examined seasonal patterns and pairwise relationships 

between Δσ and key environmental variables—including SST, wind speed, Chl-a, nutrient 

concentrations, DOC, riverine discharge, and phytoplankton biomass—and integrated fatty-

acid composition to provide a comprehensive, mechanistic interpretation of surfactant 

enrichment dynamics in the coastal SML. 

3.4.2.1 Seasonal Dynamics of Film Coverage, Temperature, and Phytoplankton 

Biomass 

Throughout January 2020 to September 2021, film coverage (Δσ), sea‐surface temperature 

(SST), and phytoplankton biomass exhibited similar seasonal cycles (Figure 26), reflecting 

a tightly coupled biophysical system in the English Channel.  
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Figure 26: Seasonal time series of surfactant film coverage (Δσ, mN m⁻¹; blue crosses and LOESS best fit 

line) alongside phytoplankton biomass (mg C m⁻³; green crosses and LOESS best fit line) and sea-surface 

temperature (°C; red crosses and LOESS best fit line) from January 2020 to September 2021. All three 

variables rise in late spring, peak in midsummer, and decline through autumn–winter, highlighting their 

tightly coupled biophysical cycle in the coastal SML. 

 

At the beginning of 2020, Δσ values remained very low (~1–2 mN m⁻¹) from January through 

May, concurrent  with cool water temperatures and modest biological activity. As SST rose 

in late spring—from ~6 °C in January to ~12 °C by May—phytoplankton biomass began its 

characteristic spring bloom (≈ 10 mg C m⁻³ in April to 40–60 mg C m⁻³ by June 2020). 

Concomitant with this warming and biomass surge, Δσ rapidly increased to a peak near 10 

mN m⁻¹ in mid-July to August 2020. After this summer maximum, all three variables 

declined into autumn: by November 2020, Δσ fell to ~2–3 mN m⁻¹, SST cooled to ~10–12 

°C, and biomass decreased to 20–30 mg C m⁻³. During winter (December 2020–February 

2021), SST bottomed out at ~6–8 °C, biomass remained low (10–20 mg C m⁻³), and Δσ 

hovered around 1–3 mN m⁻¹. In late spring and early summer 2021, SST rose above 10 °C 

by April, biomass rebounded, and Δσ peaked near 4–5 mN m⁻¹ in July–August 2021. 
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Although the 2021 peak was smaller than mid-2020, the pattern remained consistent: Δσ 

tracks closely with the combination of rising SST and enhanced phytoplankton biomass, 

suggesting that biogenic surfactant production under warm, productive conditions is the 

primary driver of surface film formation. 

3.4.2.2 Seasonal Variability in Chlorophyll-a, Wind Speed, DOC, and River 

Discharge 

The seasonal dynamics of chlorophyll-a (Chl-a), wind speed, dissolved organic carbon 

(DOC), and river flow further illuminate how biological, physical, and hydrological 

processes interact to influence surface conditions in the English Channel (Figure 27). 

 

Figure 27: Seasonal dynamics of chlorophyll-a (µg L⁻¹; purple), wind speed (m s⁻¹; orange), dissolved 

organic carbon (mg L⁻¹; brown), and combined river discharge (m³ s⁻¹; teal) over the same period. 

Chlorophyll-a and DOC increase during blooms, wind speed peaks in high-mixing months, and river flow 

spikes in winter—together modulating the timing and magnitude of surfactant film formation. 

 

Chl-a rose from near zero µg L⁻¹ in February–March 2020 to ~1–2 µg L⁻¹ by July 2020, 

peaking around 4.5 µg L⁻¹ in mid-August. This summer Chl-a maximum coincided with 

peaks in Δσ, SST, reinforcing suggestion that dense phytoplankton populations drive elevated 
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surfactant coverage. After August 2020, Chl-a declined to ~0.5 µg L⁻¹ by October and 

remained low through early 2021 before surging again to ~4–5 µg L⁻¹ in June–July 2021. 

DOC started around 1.5 mg L⁻¹ in January 2020, rose to ~2.0 mg L⁻¹ by July 2020, and 

dipped to ~1.3 mg L⁻¹ by October. A November 2020 rise to ~1.7 mg L⁻¹ likely reflected 

increased river discharge; similarly, a spring 2021 DOC jump to ~2.2 mg L⁻¹ in March 

coincided with a river-flow spike.  

Wind speed trended from ~3 m s⁻¹ in January 2020 down into early spring, then rose to ~3–

3.5 m s⁻¹ by June–July 2020 and peaked near 5 m s⁻¹ in August. Higher wind speeds during 

late summer likely partially disrupted the SML, keeping Δσ from rising further. In autumn 

2020, wind stabilized around 2–3 m s⁻¹ before climbing above 5 m s⁻¹ in December 2020–

January 2021, a period when Δσ remained low despite moderately elevated DOC and 

residual biomass. By early 2021, wind dipped to ~1 m s⁻¹ in February, then rose to ~3–4 m 

s⁻¹ by March, facilitating the modest spring–summer 2021 film resurgence under calmer 

conditions. 

River flow remained   10 m³ s⁻¹ through early 2020, surged to ~60 m³ s⁻¹ in November 2020, 

peaked above 100 m³ s⁻¹ in January 2021, then declined into late 2021. A smaller peak (~30 

m³ s⁻¹) in June 2021 corresponded with slight late-summer increases in DOC and Chl-a, 

illustrating that while runoff can augment coastal organic and nutrient stocks, it only bolsters 

film formation when temperatures and biological activity are favourable. 

3.4.2.3 Integrated Biophysical Interpretation 

Taken together, these time‐series emphasize that surfactant film coverage in the English 

Channel is governed by a combination of biological production, thermal forcing, wind‐

driven mixing, and terrestrial inputs. The strongest film coverage occurs in mid-summer 

when SST are highest (~17–18 °C), phytoplankton biomass and Chl-a peak, DOC is elevated, 

and winds are moderate enough (3–4 m s⁻¹) to allow stable surface films. In contrast, during 
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winter months, (high winds   5 m s⁻¹ and low temperatures ~6–8 °C) suppress film formation 

despite occasional spikes in DOC from river discharge. Late-autumn and winter river-flow 

events deliver terrestrial DOM and nutrients, but these do not fully manifest as elevated Δσ 

until waters warm and phytoplankton production resumes. Therefore, while DOC and river 

flow can modulate the availability of organic material, the ultimate formation and persistence 

of surface films depend on warm, biologically active conditions and relatively calm winds. 

This multifactor synergy—whereby temperature, phytoplankton biomass, and moderate 

winds act together to generate robust SML films, while riverine inputs and high winds 

modulate their timing and magnitude—provides a comprehensive framework for 

understanding seasonal surfactant dynamics in temperate coastal waters. 

3.4.3 Film Coverage Correlation analysis  

Having synthesized how seasonality, biological production, physical mixing, and terrestrial 

inputs together shape surfactant films, we now turn to assess each environmental variable 

quantitatively in isolation. First, we examine the relationship between sea‐surface 

temperature and film coverage. 

Table 11: Pearson correlations (r) and p-values for weekly SML film coverage versus environmental 

parameters (Nov 2019–Sep 2021). Significant relationships (p < 0.05) are listed first. 

 

 aria le r p  alue  elationship 

phytoplankton  iomass  mg C m⁻³  +0.50 0.001 Significant positive 

 ea sur ace temperature  °C  +0.41 0.009 Significant positive 

 itrate   O₃⁻, µ   –0.31 0.013 Significant negative 

 i er discharge  m³ s⁻¹  –0.26 0.105 Weak negative, not significant 

Ammonium   H₄⁺, µ   –0.14 0.292 Weak, not significant 

 ind speed  m s⁻¹  –0.23 0.157 Weak negative, not significant 

Chlorophyll a  µg L⁻¹  +0.19 0.251 No correlation 

Dissol ed organic car on  µ  C  +0.03 0.855 No correlation 
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Figure 28: Scatterplots of surfactant film coverage (Δσ) against six environmental drivers (blue crosses) with 

linear fits (red) and Pearson’s r/p values: top-left shows chlorophyll-a (r = 0.19, p = 0.25), top-middle shows 

wind speed (r = –0.23, p = 0.16), top-right shows temperature (r = 0.41, p = 0.009); bottom-left shows DOC 

(r = 0.03, p = 0.86), bottom-middle shows river flow (r = –0.26, p = 0.11), and bottom-right shows 

phytoplankton biomass (r = 0.50, p = 0.001). Of these, only temperature and biomass exhibit significant 

positive correlations with film coverage. 

 

3.4.3.1 Film Coverage and Temperature 

Temporal changes in surface film coverage appear to be broadly linked to sea surface 

temperature across the time series (Figure 26). Figure 28 (top-right) shows that the Pearson 

correlation coefficient between film coverage and sea surface temperature was 0.41, with a 

p-value of 0.009, indicating a statistically significant positive correlation between the two 

variables. To our knowledge, this is among the first studies to report a statistically significant 

positive correlation between surfactant film coverage and sea surface temperature based on 

long-term, in situ observations. While previous work has proposed that higher temperatures 
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may facilitate microlayer formation through reduced surface tension (Otremba, 2000) and 

enhanced biological activity (Wurl et al., 2011; Sabbaghzadeh et al., 2017), no natural 

marine study to date has directly quantified the Δσ–SST relationship. 

Film coverage can be influenced by temperature via a number of direct and indirect physical, 

chemical, and biological mechanisms (Otremba, 2000). Surface tension is a physical feature 

of liquids that results from cohesive forces between molecules at the surface of the liquid 

(Kou et al., 2019, reference added to bibliography). As the temperature rises, the kinetic 

energy of the molecules rises, forcing them to move faster and enhancing their capacity to 

overcome the cohesive forces at the surface, thereby reducing the surface tension (Atkins, 

2014). 

Temperature influences several key SML processes—including photochemical reaction 

rates at the interface, the thermodynamics of surfactant adsorption, microbial biosurfactant 

production, and circulation-driven nutrient supply. Photochemical reactions at the air–sea 

interface follow Arrhenius kinetics, whereby reaction rates increase exponentially with 

temperature (Laidler, 1987). As a result, a 10 °C rise can roughly double reaction rates, 

accelerating the breakdown and transformation of surfactant precursors in the SML. 

Adsorption of surface-active molecules to the air–water interface is generally exothermic 

(ΔH°   0) and governed by the Gibbs adsorption equation. Langmuir isotherm experiments 

demonstrate that, over the 10–30 °C range, increasing temperature reduces interfacial 

tension and enhances surfactant surface excess (Rosen & Kunjappu, 2004), leading to 

thicker, more cohesive films under warmer conditions. Moreover, microbial biosynthesis of 

surface-active substances is also temperature-dependent: enzyme-mediated metabolic 

processes follow Arrhenius behaviour with a Q₁₀ of approximately 2, implying that 

production at 25 °C is roughly twice that at 15 °C (Gillooly et al., 2001). Finally, warming‐

induced stratification and circulation changes regulate vertical nutrient fluxes, often limiting 

nutrient supply to the surface and thereby modulating phytoplankton growth—and surfactant 
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precursor availability in the SML (Behrenfeld et al., 2006). Together, these temperature 

dependent processes help explain the seasonal increase in Δσ and SA EF we observe during 

spring and summer blooms. 

3.4.3.2 Film Coverage and Phytoplankton Biomass 

As discussed above, film coverage is expected to be related to primary production 

(phytoplankton biomass) through the production of organic compounds by algal cells. 

Furthermore, the phytoplankton closer to the sea surface could be light-damaged and may 

therefore overproduce anti-oxidants, or potentially die and release all their cell compounds, 

which can increase organic materials in the SML (Wurl et al., 2011).     

Chlorophyll-a is a convenient phytoplankton biomass proxy because it is easily measured, 

although the relationship is not necessarily linear since the chlorophyll content per unit 

phytoplankton biomass can vary by species. Previous studies have reported conflicting 

results regarding the relationship between chlorophyll-a and surfactants. Sabbaghzadeh et 

al. (2017), who studied the open Atlantic Ocean, found no significant association between 

chlorophyll-a and surfactant activity (r = 0.117, p = 0.226), with chlorophyll concentrations 

averaging only ~0.05 µg L⁻¹ (range: 0.00–1.08 µg L⁻¹). In contrast, Salter (2010) reported a 

strong positive relationship (r = 0.87) between surfactant activity and chlorophyll-a in a 

mesocosm bloom experiment and along a North Sea transect, with chlorophyll-a 

concentrations ranging between ~0.5–6.0 µg L⁻¹.  

In the present study, chlorophyll-a concentrations were markedly higher overall, with values 

ranging from 0.03 to 17.19 µg L⁻¹ and a mean of 3.17 µg L⁻¹. These levels are far more 

comparable to, and even exceed, those reported by Salter (2010), and differ substantially 

from the open ocean levels reported by Sabbaghzadeh et al. (2017). This reflects  the coastal, 

productive nature of our study site, and therefore our results are more likely to reflect the 

dynamics of phytoplankton-driven surfactant production under nutrient-rich conditions 
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similar to those described by Salter, rather than the oligotrophic to mesotrophic oceanic 

settings examined by Sabbaghzadeh. 

Despite this, our data revealed no significant association between film coverage and 

chlorophyll-a (Figure 28, top-left; r = 0.19, p = 0.25) despite the association with biomass. 

This apparent disconnect may be because factors beyond total pigment content—such as 

phytoplankton species composition, physiological condition, or extracellular release 

mechanisms— modulate the relationship between chl-a as a biomass proxies and surfactant 

presence. One explanation is that specific phytoplankton taxa or trophic interactions, rather 

than bulk chlorophyll levels, may be more directly linked to surfactant production. For 

instance, grazing by zooplankton can introduce additional organic material through sloppy 

feeding and excretion, decoupling surfactant dynamics from Chl-a concentration. The 

complexity of these processes makes it difficult to use chlorophyll alone to predict surfactant 

presence.   

In contrast, we found a strong significant positive link between film coverage and 

phytoplankton biomass throughout the course of the study period (Figure 28, bottom-right; 

r = 0.50, p = 0.001). Phytoplankton biomass was estimated from microscopy counts, 

biovolume conversions, and carbon estimates (mg C m⁻³) following the method of Menden-

Deuer and Lessard (2000), applied to samples collected and analysed according to BS EN 

15204:2006 standards. This biomass metric includes a broad range of phytoplankton taxa 

(diatoms, dinoflagellates, coccolithophores, flagellates, Phaeocystis, ciliates), with observed 

values ranging from approximately 5 to 122 mg C m⁻³. 
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Figure 29: Phytoplankton community structure at Station L4 (50.25°N, 4.217°W) from November 2019 to 

September 2021. (a) Stacked bar chart showing day-by-day biomass (mg C m⁻³) contributions from eight 

major phytoplankton groups, highlighting seasonal and interannual variability. Data from the Plymouth 

Station L4 phytoplankton time‑series (1992–2020; Widdicombe & Harbour 2021; 

BODC 10.5285/C9386B5C‑B459‑ 782F‑E053‑6C86ABC0D129 (b) Pie chart summarizing cumulative 

biomass proportions across the entire dataset. Dinoflagellates (36.2%), Diatoms (26.1%), Flagellates 

(20.3%), and Ciliates (11.1%) collectively represented over 93% of total phytoplankton biomass. Biomass 

was estimated from Utermöhl microscopy and Menden-Deuer and Lessard (2000) biovolume-to-carbon 

conversions. 

 

In our study, phytoplankton biomass was overwhelmingly dominated by large eukaryotic 

taxa, particularly dinoflagellates (36.2%) and diatoms (26.1%), followed by notable 

contributions from flagellates (20.3%) and ciliates (11.1%). Together, these four groups 

accounted for more than 93% of total biomass (Figure 29). Diatoms were most prominent in 

the spring, while dinoflagellates showed strong peaks in late summer. These groups not only 

contribute substantially to total carbon biomass but are also known producers of a broad 

array of surface-active substances (SAS), such as exopolymeric substances and cell-derived 

lipids, especially during bloom senescence or lysis. Although the present work did not 

include a formal correlation analysis between film coverage and individual phytoplankton 

groups—a worthwhile endeavor for future research—the coincident seasonal maxima in 

diatom biomass and elevated film coverage in spring suggest a potentially strong linkage. 

This community composition reflects a coastal mesotrophic environment with relatively 

high productivity and pronounced seasonal succession, underscoring the need for targeted 

statistical assessment of SAS producers in subsequent studies. 
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Compared to Atlantic Ocean transects (AMT24 and AMT25) reported by Sabbaghzadeh et 

al. (2017), where phytoplankton communities were dominated by the picoplankton 

Prochlorococcus and Synechococcus in oligotrophic gyres, our coastal dataset is markedly 

distinct. Picophytoplankton, while numerically dominant in oligotrophic open-ocean 

environments, contribute relatively little to total phytoplankton carbon biomass and are 

generally considered minor sources of surface-active organic material compared to larger 

phytoplankton taxa (Li, 2002; Marañón et al., 2001; Passow, 2002). In contrast, our PPAO 

dataset shows elevated biomass with substantial representation of surfactant-producing 

phytoplankton groups. This difference in community composition likely explains the 

absence of a clear correlation between chlorophyll-a and film coverage in our study. While 

chlorophyll-a indicates phototrophic biomass, it does not differentiate taxa actively 

producing surfactants from those that do not. Given the variable SAS production among 

different phytoplankton, taxonomic resolution is essential—future investigations should 

therefore focus on how specific groups (e.g., diatoms, dinoflagellates) contribute to 

surface-film formation. Surfactant enrichment in our data appears more tightly linked to total 

biomass as evidenced by the strong and statistically significant positive relationship 

observed between surface film coverage and phytoplankton biomass over the study period 

(Figure 28, bottom-right; r = 0.50, p = 0.001). Thus, taxonomic resolution and 

functional-group contributions are critical when interpreting chlorophyll–film coverage 

relationships. 

This observation aligns with the seasonal pattern reported by Schmidt and Schneider (2011), 

who studied surfactant production and phytoplankton dynamics in the Baltic Sea. They 

identified distinct variations, with peak surfactant levels coinciding with phytoplankton 

bloom periods from January through March, particularly during spring blooms. They 

demonstrated that surfactant production closely tracks phytoplankton bloom dynamics, 

emphasizing a strong biological origin for these surfactants. Schmidt and Schneider’s (2011) 
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findings thus provide robust external validation for our observed seasonal trends, supporting 

the concept of a direct, biologically driven linkage between phytoplankton biomass and 

surfactant production.  

3.4.3.3 Nutrient–Surfactant Relationships in the Sea Surface Microlayer 

Building on our fatty‐acid and DOC analyses, we next investigated how dissolved inorganic 

nitrogen (DIN) dynamics relate to surfactant film formation. We focused on two key DIN 

species—nitrate (NO₃⁻) and ammonium (NH₄⁺)—whose seasonal cycles reflect 

phytoplankton uptake and microbial recycling, respectively. 

 

Figure 30: Seasonal co-variability of surfactant films and dissolved inorganic nitrogen Top: Weekly 

surfactant film coverage (Δσ, mN m⁻¹; blue symbols and LOESS curve), nitrate (NO₃⁻, µM; orange symbols 

and LOESS), and ammonium (NH₄⁺, µM; green symbols and LOESS) from November 2019 through June 

2021. Film coverage increases from winter minima to a mid-summer maximum (~8 mN m⁻¹) in 2020, then 

declines into winter before stabilizing at modest levels in 2021. Nitrate exhibits a classic draw-down—from 

>20 µM in winter to <2 µM in summer—followed by autumn rebound, while ammonium remains relatively 

constant (0.8–1.5 µM) year-round. 

 

Figure 30 presents weekly time series of Δσ, NO₃⁻, and NH₄⁺ from November 2019 through 

September 2021. Surfactant film coverage rose from winter lows to peak in mid-summer 
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(June–July), coinciding with the spring bloom. Nitrate displayed a complementary draw-

down pattern: high winter concentrations (>15 µM) declined to near zero during summer 

stratification before rebounding in autumn. In contrast, ammonium remained low and 

relatively stable (0.8–1.5 µM), with only subtle mid-year increases. 

 

Figure 31: Nutrient–surfactant scatterplots (Lift) Surfactant film coverage (Δσ, mN m⁻¹) versus nitrate 

concentration (NO₃⁻, µM). A significant inverse Pearson correlation (r = –0.31, p = 0.0134) indicates that 

peak film coverage coincides with nitrate-depleted, bloom-stage conditions. (Right) Surfactant film coverage 

(Δσ, mN m⁻¹) versus ammonium concentration (NH₄⁺, µM). A weak, non-significant correlation (r = –0.14, p 

= 0.2917) suggests that regenerated nitrogen does not directly control film strength. 

 

Scatterplots of Δσ versus DIN (Figure 31) reveal a significant inverse relationship with 

nitrate (r = –0.31, p = 0.013), indicating that elevated surfactant films occur under nitrate-

depleted, bloom-stage conditions in mid-summer. By contrast, Δσ showed a weak, non-

significant correlation with ammonium (r = –0.14, p = 0.292), suggesting that regenerated 

nitrogen does not directly drive film strength. Here, linear regression is applied as a 

descriptive tool to assess the direction and strength of association rather than to imply a 

mechanistic or predictive relationship. Given the scatter and potential non-linearity in the 

data, the regression line should be interpreted as indicative of an overall tendency rather than 

a functional dependence. 

Phytoplankton rely on dissolved inorganic nitrogen—especially NO₃⁻ for growth, 

consuming it rapidly during bloom events. The observed inverse relationship between NO₃⁻ 
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and Δσ therefore reflects the coupling of surfactant production to periods of heightened 

primary production and organic exudation in the SML. NH₄⁺, produced through microbial 

remineralisation and recycled within the microbial loop, lacks a clear seasonal draw-down 

and accordingly shows no consistent link to Δσ 

While instantaneous DIN concentrations alone cannot predict film coverage, the inverse 

NO₃⁻–Δσ relationship suggests that surfactant enrichment is associated with periods of 

nutrient depletion and physiological stress, when phytoplankton biomass is high and 

nitrogen becomes limiting. Under such conditions, enhanced exudation and cell lysis are 

expected, promoting the accumulation of surface-active material in the SML. These findings 

reinforce that biogenic activity—rather than bulk nutrient levels—governs the seasonal 

development of surfactant films in the coastal SML.  

3.4.3.4 Film Coverage and DOC 

We assessed whether total DOC concentration could predict film coverage in the SML. DOC 

may originate from a range of sources, such as terrestrial sources, aquatic primary 

production, atmospheric deposition, and anthropogenic inputs including wastewater 

discharge and agricultural runoff (Kaiser and Benner, 2008). While the concentration of total 

DOC in the SML could be related to surface tension, it is important to note that the 

relationship can be complex and dependent on several factors, including the composition 

and concentration of organic compounds present in the SML (Holmes et al. 2008). This 

complexity underscores the limitation of bulk‐DOC measurements and highlights the need 

for targeted analyses of DOC molecular composition—such as amphiphilic lipids, 

proteinaceous fractions, and polysaccharides—to identify which specific classes of 

dissolved organics govern surfactant film formation and stability in the microlayer. 

However, we found no significant relationship between total DOC and surfactant film 

coverage (Figure 28, bottom-left; r = 0.03, p = 0.86), indicating that  DOC concentration 

alone did not predict film formation. In the Baltic Sea SML, both Ćosović & Vojvodić (1998) 
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and Frew et al. (2001) similarly reported no direct correlation between bulk DOC and 

surfactant abundance, underscoring that total DOC fails to capture the surfactant‐active 

fraction of dissolved organic carbon. Frew et al. (2001) further demonstrated that positive 

DOC–surface‐activity correlations in coastal waters vary seasonally, reflecting shifts in 

DOC quality between autochthonous and allochthonous sources. Wurl and Holmes (2008) 

observed rapid in situ production of gel matrices, often achieving enrichment factors 

exceeding 10×. Yet despite this extreme enrichment, they reported only weak co-variation 

with bulk biomass proxies, indicating that total DOC concentration fails to capture the 

surfactant-active fraction of surface organic carbon. Croot et al. (2007) found that only a 

fraction of dissolved organic carbon (DOC) has surfactant characteristics, which can be 

attributed to variables such as molecule structure and concentration.  Thus, while DOC set 

the upper bound of organic-carbon availability in the microlayer, it was the molecular 

composition enrichment processes, and source quality of specific gel particles—and the 

environmental conditions that stabilized them—that ultimately governed surfactant film 

coverage in the coastal SML.  

3.4.3.5 Fatty Acid Composition and Its Link to Surfactant Film Coverage 

Building on the dominant role of phytoplankton‐derived surfactants, we tracked six fatty 

acids—four biogenic (C12:0, C14:0, C16:2, C16:4) and two anthropogenic (C11:0, 

C13:0)—to explore their seasonal dynamics and potential contributions to SML film 

coverage (Figures 32–33). Fatty acids are widely recognised as key contributors to the pool 

of surface-active organic matter within the sea surface microlayer (SML) (Wurl et al., 2009; 

Gašparović et al., 2014). These compounds can originate from diverse sources, with 

saturated and unsaturated long-chain fatty acids typically associated with biogenic 

production, while mid-chain saturated fatty acids may also arise from anthropogenic inputs 

(Guitart et al., 2007; Marty et al., 1979). 
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Figure 32: Time series of biogenic fatty acid concentrations (µg L⁻¹) for Dodecanoic acid (C12:0), 

Tetradecanoic acid (C14:0), 7,10-Hexadecadienoic acid (C16:2) and 6,9,12,15-Hexadecatetraenoic acid 

(C16:4), with LOESS trend lines 

 

3.4.3.5.1 Biogenic Fatty Acids: Dodecanoic acid (C12:0), tetradecanoic acid (C14:0), and 

7,10-hexadecadienoic acid (C16:2) all displayed pronounced spring–summer peaks: C12:0 

rose from background levels of  0.5 µg L⁻¹ in March 2020 to ~3.2 µg L⁻¹ by mid-June; 

C14:0 followed from ~1.0 to 4.0 µg L⁻¹ over the same interval; and C16:2 surged from ~0.3 

to 2.8 µg L⁻¹ (Figure 32). A second, smaller pulse occurred in May–June 2021, coinciding 

again with a biomass-driven Δσ maximum (~8–10 mN m⁻¹). 6,9,12,15-hexadecatetraenoic 

acid (C16:4) showed similar but more muted peaks, rising to ~1.5 µg L⁻¹. These episodic 

enrichments occur during the spring bloom period—when phytoplankton release exudates 

enriched in amphiphilic lipids—and coincide temporally with periods of elevated film 

coverage; however, correlation analysis indicates that no individual fatty acid alone explains 

the observed variability in Δσ (Figure 34).  
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Figure 33: Time series of anthropogenic fatty acid concentrations (µg L⁻¹) for Undecanoic acid (C11:0) and 

Tridecanoic acid (C13:0), with LOESS trend lines. 

 

3.4.3.5.2 Anthropogenic Fatty Acids: By contrast, markers of terrestrial or anthropogenic 

origin—undecanoic acid (C11:0) and tridecanoic acid (C13:0)—remained low ( 0.8 µg L⁻¹) 

and sporadic (Figure 33), with no consistent seasonal pattern. Occasional brief elevations 

(e.g. C11:0 to ~1.0 µg L⁻¹ in August 2020) did not correspond to Δσ changes, underscoring 

their minor role in film formation. 
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Figure 34: Film coverage (Δσ) versus individual fatty acids in the SML: (top-left) C12:0 (r = –0.03, p = 0.84), 

(top-middle) C14:0 (r = –0.19, p = 0.22), (top-right) C11:0 (r = 0.22, p = 0.16), (bottom-left) C16:2 (r = –0.07, 

p = 0.65), (bottom-middle) C16:4 (r = –0.08, p = 0.59), (bottom-right) C13:0 (r = –0.02, p = 0.92). No 

individual fatty acid correlates significantly with film coverage. 

 

To further examine the potential role of fatty acids in regulating film coverage, we performed 

a correlation analysis between individual fatty acid concentrations and film coverage values 

(Figure 34, Table 12). Pearson correlations between each fatty acid and Δσ were uniformly 

weak (–0.19 ≤ r ≤ +0.22) and non‐significant (all p   0.15), confirming that no individual 

compound serves as a reliable predictor of film coverage. By contrast, total phytoplankton 

biomass correlated strongly with Δσ and SST correlated moderately, highlighting that 

integrated biological production under warmer conditions is the principal driver of surfactant 

films. 
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Table 12: Pearson correlations between individual fatty-acid concentrations and SML film coverage 

(mN m⁻¹).   

 

 

 

 

 

 

These results suggest that while individual fatty acids can be presumed to contribute to the 

SML’s amphiphilic matrix, they are not the dominant component. This is consistent with the 

view that film coverage emerges from a synergistic blend of multiple lipid and non-lipid 

surfactants produced during bloom events. Phytoplankton exudates release a spectrum of 

long-chain fatty acids, pigments, and exopolymeric substances that coalesce into stable 

films, with temperature and wind conditions modulating their persistence. 

In summary, while fatty acids are enriched in the SML during productive periods and are 

presumed to support film formation, yet their weak individual correlations with Δσ 

underscore that aggregate biological processes—rather than any single lipid class—govern 

the timing and magnitude of surfactant film coverage at our coastal site.  

3.4.3.6 River Flow/Discharge Influences 

We next evaluated whether terrestrial inputs from the Tamar, Plym, and Yealm rivers 

modulate surfactant films in the coastal SML. These rivers—whose catchments drain 

agricultural land, urban centres, and former mining areas—enter the English Channel within 

5–10 km of our sampling station (Figure 6). Agricultural runoff, sewage, and industrial 

activity are the main polluting factors affecting these rivers (Cornish Mining World Heritage, 

Fatty acid    p  alue  elationship 

Dodecanoic acid  C12:0  –0.03 0.837 No correlation 

 etradecanoic acid  C14:0  –0.19 0.223 No correlation 

 ndecanoic acid  C11:0  +0.22 0.158 No correlation 

7,10 He adecadienoic acid  C16:2  –0.07 0.646 No correlation 

6,9,12,15 He adecatetraenoic acid  C16:4  –0.08 0.585 No correlation 

 ridecanoic acid  C13:0  –0.02 0.919 No correlation 
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2020). Studies have shown that river discharge has an impact on the characteristics and 

behaviour of the surface microlayer in coastal and estuarine waters. Sutherland et al. (2009) 

found that, compared to the underlying water, the surface microlayer of an estuary impacted 

by a river had more particulate organic matter and less dissolved organic matter. Engel et al. 

(2016) have shown that the microbial community composition, nutrient availability, and 

pollutant concentrations of the surface microlayer alter in response to river flow.  

To investigate the impact that river discharge has on film coverage, Daily mean discharge 

data (m³ s⁻¹) were obtained from the UK National River Flow Archive for gauges 47001 

(Tamar at Gunnislake), 35001 (Plym at Marsh Mills), and 36003 (Yealm at Ermington) 

spanning January 2020 to September 2021 (Figure 27). Over this period, flow remained 

below 5 m³ s⁻¹ through spring–summer 2020, rose to ~60 m³ s⁻¹ in November 2020, peaked 

at ~105 m³ s⁻¹ in March 2021, and then declined into late 2021. We correlated mean daily 

river flow with surfactant film coverage (Δσ) at the adjacent coastal station. We observed a 

weak inverse relationship (Figure 28, bottom-middle; r = –0.26, p = 0.11), indicating no 

statistically significant control of river discharge on Δσ. It is noted, however, that discharge 

from the River Tamar is strongly tidally modulated, such that daily mean flow values may 

not capture short-term variability in freshwater input or estuarine mixing that could influence 

near-surface surfactant distributions (Sims et al., 2022). 

The lack of a clear link may reflect dilution and transport, as the river mouths lie several 

kilometers from our station, discharge signals disperse rapidly as a result of hydrodynamic 

mixing by wind, tides, and waves. These processes are continually eroding and redistributing 

the SML (Upstill‐Goddard et al., 2002). In addition, the authochthonous biological 

production may override allochthonous signals, i.e.local phytoplankton exudation and gel‐

particle enrichment exert a stronger control on Δσ than distant terrestrial inputs. Together, 

these observations indicate that, in our study area, river discharge does not exert a primary 
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control on surfactant film coverage; instead, in situ biological and physical processes 

dominate. 

3.4.3.7 Wind and Wave-Driven Controls on SML Film Coverage 

Under the sample conditions encountered in this study, the film coverage displayed a weak 

inverse association with prior 6-hour averaged wind speed, which was not statistically 

significant (Figure 28, top-middle; r = –0.23, p = 0.16). However, this analysis is likely 

restricted by the low range of wind speeds experienced (interquartile range of 2.0 to 4.0 ms-

1), which substantially limits the ability to resolve wind-driven effects on SML film coverage 

within this dataset. It should be noted that wind speed is used here as a proxy for surface 

forcing, while wave breaking and sea state represent the more direct physical mechanisms 

controlling surface microlayer disruption and renewal. This result is largely consistent with 

previous studies.  In both the North Pacific and the Arctic Ocean, Wurl et al. (2011) 

discovered that there was no significant link between the distribution of surfactants (and 

their enrichment factors EF in the SML) and wind speed. Similarly, Sabbaghzadeh et al. 

(2017) reported a consistent enrichment of surfactants in the SML at all wind speeds 

measured (up to 13 m s-1) during two cruises in the open Atlantic Ocean between 50 oN and 

50 oS. The correlation between SA EFs and wind speed was not statistically significant on 

either cruise.  

The link between wind speed and surface microlayer film coverage is complex and could 

vary depending on local climatic and biological circumstances. Very high wind speeds can 

disturb and break up the surface microlayer, primarily through enhanced wave breaking and 

turbulence, reducing film coverage (Reinthaler et al., 2008).  Frew et al. (2004) proposed 

that surfactant enrichment in the SML decreases at wind speeds higher than 6 - 8 m s-1. 

Carlson (1983) identified dissolved organic carbon (DOC) enrichment in the SML at wind 

speeds as high as 8 m s-1, but no obvious effect of wind speed or wave condition was noted 

on the DOC enrichment factors. However, moderate wind speeds increase surface 
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microlayer production by encouraging organic matter and surfactant accumulation at the air-

water interface (Sabbaghzadeh et al., 2017).  Wind speed history (at least 6 hours of reported 

wind speeds before observations) has been proposed to be more essential for SML 

enrichment than immediate winds because it impacts the accumulation and distribution of 

organic matter along the air-water interface (Obernosterer et al. (2008)). In contrast, short-

lived wind or wave events may transiently disturb only the uppermost layer of the SML 

without fully eroding the underlying surfactant reservoir. As a result, the wind speed history 

approach was chosen for the study presented in this research.     

3.4.4 Multivariate Analysis  

In previous correlation analyses, we identified a statistically significant, although moderate, 

positive correlation between film coverage and sea surface temperature (Figure 28, top right; 

r = 0.41, p = 0.009). This association indicates that higher temperatures generally coincide 

with increased film coverage; however, correlation alone cannot determine whether 

temperature exerts a direct physical control on film formation or whether the relationship is 

indirect, arising from the co-variation of temperature with biological productivity in 

temperate waters. 

To disentangle these effects, a multiple linear regression was conducted with film coverage 

as the dependent variable and phytoplankton biomass and temperature as explanatory 

variables. This approach allows the independent contribution of each factor to be assessed 

while statistically accounting for their covariance, thereby testing whether temperature 

explains additional variance in film coverage once biological effects are considered. 

The regression analysis shows that phytoplankton biomass is a statistically significant 

predictor of film coverage (p = 0.002), demonstrating a strong and independent link between 

biological abundance and surfactant film formation. In contrast, the temperature coefficient 
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is not statistically significant (p = 0.351), indicating that temperature does not exert a direct 

control on film coverage when phytoplankton biomass is held constant. 

From a mechanistic perspective, sea surface temperatures typically increase during spring 

and summer, coinciding with periods of elevated biological productivity. However, this 

seasonal co-occurrence does not imply a causal role for temperature in driving film 

formation. Instead, warmer conditions promote phytoplankton growth indirectly by 

enhancing light availability and stratification. Conversely, colder conditions are often 

associated with deeper vertical mixing, which increases nutrient supply to the surface mixed 

layer (Large et al., 1994; Alexander et al., 2000; Wiggert et al., 2000). 

Taken together, these results indicate that phytoplankton biomass is the primary driver of 

enhanced film coverage, while temperature influences surfactant enrichment indirectly 

through its role in regulating biological growth and seasonal ecosystem dynamics 

3.4.5 Integrated Controls on Surfactant Film Coverage  

Having examined each driver in isolation, we now synthesize these findings (Table 11) to 

demonstrate how nutrient draw-down, thermal forcing, biological production, river 

discharge, and physical agitation collectively regulate surfactant films in the coastal SML. 

3.4.5.1 Biogenic Supply & Uptake  

Biological production during spring–summer, when seasonal stratification typically 

develops in temperate shelf waters, nutrient-limited conditions emerged as the principal 

driver of surfactant films. Total phytoplankton biomass exhibited the strongest correlation 

with Δσ (r = +0.50, p = 0.001), indicating that higher biomass coincides with enhanced 

surfactant activity. Nitrate concentrations declined sharply during spring–summer blooms 

and were inversely correlated with film coverage (r = –0.31, p = 0.013), suggesting that 

surfactant production intensifies as inorganic nitrogen is depleted by phytoplankton uptake. 

In contrast, ammonium—a regenerated nitrogen species—showed no significant 
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relationship with Δσ (r = –0.14, p = 0.292), underscoring that recycled nitrogen turnover 

does not directly modulate film strength. Although exuded compounds such as lipids, 

proteins, and polysaccharides were not directly quantified in this study, fatty acid markers 

provided episodic confirmation of biogenic input: C12:0, C14:0, C16:2, and C16:4 peaked 

during blooms but exhibited only weak correlations with Δσ, while anthropogenic markers 

(C11:0, C13:0) remained at trace levels. These findings underscore that the SML surfactant 

film is an emergent property of a complex blend of amphiphilic compounds rather than the 

product of any single dominant lipid class. 

3.4.5.2 Thermal Modulation  

Sea-surface temperature also showed a significant positive association with Δσ (r = +0.41, 

p = 0.009), reflecting seasonal patterns of enhanced metabolic and exudation rates in warmer 

waters. However, multivariate analysis indicates that temperature’s effect is indirect and 

mediated through its role in promoting phytoplankton growth, thus timing and intensifying 

bloom-linked surfactant release. 

3.4.5.3 Physical Disruption & Dilution  

Physical forces and bulk proxies showed limited influence. Wind speed displayed a modest, 

non-significant negative correlation with Δσ (r = –0.23, p = 0.157), consistent with episodic 

film disruption under high wind conditions. River discharge also exerted a limited influence, 

with a weak inverse correlation (r = –0.26, p = 0.105), likely reflecting rapid offshore 

dilution of terrestrial inputs and the dominance of local biological and physical processes in 

regulating SML properties. Neither chlorophyll-a (r = +0.19, p = 0.251) nor dissolved 

organic carbon (r = +0.03, p = 0.855) predicted surfactant film coverage, suggesting that 

pigment concentrations and bulk organic matter pools may not reliably reflect Δσ variability 

at fine temporal and spatial scales. 

In summary, surfactant film formation in the coastal SML is primarily orchestrated by 

nitrate-limited phytoplankton blooms under warm, stratified conditions, while riverine 
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inputs, physical disturbance, recycled nutrients, pigment concentrations, and individual lipid 

classes act as supporting, secondary factors. These results highlight the central role of 

integrated biogenic activity in shaping air–sea interface chemistry in dynamic coastal 

systems. 

3.5 Conclusion  

In this chapter, we addressed the critical lack of surface‐tension measurements in saltwater 

by making measurements over two years in the English Channel and complementary open‐

ocean work. Measured surface tension was used the calculate film coverage (Δσ) over the 

time series. Correlation analysis with various physical and biogeochemical variables was 

conducted to investigate the drivers of film coverage.  Our weekly time series—from surface 

tension and surfactant activity measurements to chlorophyll-a, biomass, DOC, river 

discharge, wind speed, fatty-acid composition, and dissolved inorganic nitrogen—revealed 

strong seasonal cycles in biogeochemical processes, as expected for a temperate coastal 

environment. Δσ exhibited pronounced seasonal variability, rising from ~1–2 mN m⁻¹ in 

January–May 2020 to a summer peak of ~10 mN m⁻¹, declining to ~2–3 mN m⁻¹ by 

November, and rebounding to ~4–5 mN m⁻¹ in July–August 2021. We have shown that the 

sea surface microlayer (SML) in coastal waters is a highly dynamic, biologically driven 

interface whose surfactant film coverage reflects an interplay of phytoplankton production 

(with nutrient draw‑down serving as an indicator of bloom progression), thermal forcing, 

phytoplankton production, and physical agitation. Building on the Δσ seasonality reported 

by Schmidt and Schneider (2011) in the Baltic Sea, our key findings are: 

First, phytoplankton biomass emerged as the single strongest predictor of film coverage (r = 

+0.50, p = 0.0003), suggesting that bloom-stage exudation of lipids, proteins, and 

polysaccharides forms the bulk of the surface-active matrix.  Sea surface temperature was 

also linked with film coverage (r = +0.32, p = 0.022), not by directly generating films, but 

because it is associated with favorable conditions for phytoplankton growth.  
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Second, nitrate draw-down—reflecting active nutrient uptake during blooms—correlated 

negatively with film coverage (r = –0.31, p = 0.013), demonstrating that surfactant 

production intensifies precisely as inorganic nitrogen becomes depleted.  In contrast, 

regenerated ammonium exhibited no significant relationship, indicating that only the 

primary uptake phase of nutrient cycling drives surfactant enrichment. 

Third, physical and hydrological factors—river discharge, wind speed, pigment 

concentration, and bulk DOC—played subsidiary, modulating roles. Although terrestrial 

inputs and moderate winds can influence the timing and magnitude of film presence, their 

correlations with Δσ were weak or non-significant, highlighting the primacy of in situ 

biological and temperature-mediated processes. 

Finally, at an individual compound level, selected individual biogenic and anthropogenic 

fatty acids were not correlated with film coverage. Instead, Δσ is thought to arise from a 

complex blend of amphiphiles—fatty acids, gel particles, and other exudates—supplied and 

modified by bloom senescence, grazing, and microbial cycling. 

Taken together, these findings advance our mechanistic understanding of SML surfactant 

dynamics in coastal systems: film coverage is orchestrated by nitrate-limited phytoplankton 

blooms under warm, stratified conditions, with aggregate biomass as the most reliable proxy, 

while physical mixing and non-biological inputs act only as secondary modifiers. This 

synthesis not only fills a critical gap in the sparsely populated database of marine surfactant 

measurements but also provides a conceptual framework for predicting when and where 

biologically active surface films will arise—insights that are vital for modelling air–sea gas 

exchange, improving parameterizations in climate models, and assessing the biogeochemical 

role of the SML in future ocean scenarios. 
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Chapter 4: Surface Tension Dynamics in Oligotrophic Open-

Ocean Waters (SO287–CONNECT) 

4.1 Preface to the Chapter  

This chapter investigates sea surface microlayer (SML) film coverage (Δσ) along the 

~6000 km SO287–CONNECT transect across oligotrophic Atlantic waters (December 

2021–January 2022). Surface tension measurements of unfiltered SML and underlying 

waters are examined across multiple Longhurst biogeochemical provinces to characterise 

spatial variability in surfactant film enrichment under nutrient-limited open-ocean 

conditions. 

Surface tension is interpreted alongside nutrients, dissolved organic carbon, chlorophyll-a, 

phytoplankton abundance, fatty acids, wind speed, and sea surface temperature to evaluate 

controls on microlayer dynamics. In contrast to the seasonally dynamic English Channel, 

the CONNECT transect provides an open-ocean perspective for comparative assessment of 

surfactant film behaviour across distinct marine regimes. 

4.2 Objectives 

1. Quantify surface tension and enrichment factors in unfiltered SML and underlying 

waters across multiple Longhurst biogeochemical provinces. 

2. Describe nutrient distributions and evaluate the degree of surface nutrient limitation 

relevant to SML processes. 

3. Assess spatial patterns in dissolved organic carbon, chlorophyll-a, phytoplankton 

cell abundance, and selected fatty acids in relation to SML properties. 

4. Examine the influence of physical forcing, including wind speed and sea surface 

temperature, on microlayer stability. 
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5. Compare open-ocean SML dynamics with those observed in the temperate coastal 

English Channel. 

4.3.  Methods 

4.3.1 Sample locations 

Surface microlayer (SML) samples were gathered during the SO287–CONNECT cruise on 

RV SONNE (11th December 2021 to 11th January 2022), which traversed from Las Palmas 

to Guayaquil via the Sargasso Sea (Figure 35). Daily SML sampling employed the Garrett 

screen—deployed either by shipboard crane or manually from a Zodiac boat (weather 

permitting)—to collect up to 12 L per site. Underlying water (ULW) was obtained via a 

pump intake 5 m below the surface. Following collection, samples were transferred into 

plastic bottles that had been cleaned between uses by rinsing with hot tap water, soaking in 

dilute hydrochloric acid (HCl), and rinsing three times with Milli-Q water. All samples were 

stored in insulated dark boxes throughout storage and transport to the laboratory to minimise 

photodegradation and microbial activity. Samples were collected by L. Brown, K. Weddell 

and D. Loades.  
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Figure 35: Cruise track (black line) and sampling stations (red dots) of the RV SONNE cruise SO287, 

covering the route between Las Palmas and Guayaquil. 

 

Sampling stations along the SO287–CONNECT transect were assigned to Longhurst 

biogeochemical provinces based on their geographic coordinates, using the Longhurst 

(2007) classification scheme. A total of 39 stations were distributed across six provinces, 

encompassing both coastal (8 stations) and open-ocean (31 stations) environments. All 

provinces were classified as low or very low productivity, reflecting the predominantly 

oligotrophic conditions encountered throughout the cruise. These province assignments, 

along with associated station counts and sampling date ranges (Table 13), provide a spatial 

and environmental framework for interpreting surface microlayer properties and 

biogeochemical variability observed during the campaign.  
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Table 13: Distribution of CONNECT sampling stations across Longhurst biogeochemical provinces, relative 

productivity classifications, and sampling date ranges (SO287–CONNECT campaign, December 2021–

January 2022). All provinces were classified as low or very low productivity, consistent with oligotrophic 

conditions along the transect. 

 

 
 

4.3.2 Surface Tension Measurements 

Surface tension (ST) measurements were conducted using the Kibron EZ Plus tensiometer 

equipped with a platinum Wilhelmy plate, following the cleaning, calibration, and analytical 

procedures described in Chapter 3, Section 3.3.2. Instrument accuracy and precision were as 

specified previously. For the CONNECT campaign, unfiltered SML and ULW samples were 

frozen after collection and analysed at the University of York within two months. This 

contrasts with the coastal time-series (Chapter 3), where samples were analysed within 4 

hours of collection at PML. 
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4.3.3 Ancillary Biogeochemical Measurements 

Dissolved organic carbon (DOC), chlorophyll-a, phytoplankton cell counts, fatty acids, and 

nutrient concentrations were measured using the same analytical protocols described in 

Chapter 3, Section 3.3.4. Only campaign-specific analytical responsibilities differed: 

DOC for CONNECT was analysed by Anja Engel. 

Chlorophyll-a was determined by Rüdiger Röttgers (Hereon Institute). 

Phytoplankton cell counts were conducted onboard and provided by Anja Engel. 

Fatty acid analyses followed the protocol detailed in Weddell (2023). 

Nitrate and phosphate concentrations were measured and provided by Hermann Bange 

(GEOMAR). 

Full methodological details are provided in Chapter 3 and referenced studies 

4.4 Results and Discussion 

4.4.1 Surface-Microlayer Dynamics on the SO287–CONNECT Cruise 

Unlike the English Channel campaign (PML campaign; see Section 3.4.5), fewer concurrent 

observations of biogeochemical variables in the SML are available for the CONNECT 

cruise. Nevertheless, synthesising these measurements with collocated physical data 

provides coherent biogeochemical patterns that influence SML composition and its role in 

air–sea exchange. These transect regions are characterized by oligotrophic surface waters—

defined as waters with very low concentrations of bioavailable nutrients (typically nitrate 

  1 µmol L⁻¹ and phosphate   0.1 µmol L⁻¹) and low primary productivity 

(Falkowski et al. 1998; Moore et al. 2013;  Fagan et al. 2022) compared to the tidally mixed, 

seasonally dynamic English Channel, yielding fundamentally different phytoplankton 

phenologies, carbon export pathways, and surface microlayer (SML) composition. We begin 
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by presenting surface tension and enrichment factors, then proceed through nutrient 

gradients, spatial biogeochemical patterns, microlayer composition, and physical forcing, 

before closing with a contrast between CONNECT and the English Channel. 

4.4.2 Surface Tension and Enrichment Factors 

Surface tension (ST) and surface tension enrichment factors (EF(ST)) measured across the 

SO287–CONNECT transect showed minimal variability and only modest tension depression 

relative to pure water (mean ST: 72.34 mN m⁻¹; range: 68.53–73.30 mN m⁻¹; mean EF(ST): 

0.98; range: 0.94–0.99) (Figure 24-25). These values were tightly clustered near the baseline, 

indicating weak enrichment by surfactant-active substances and a relatively pristine 

microlayer in open-ocean settings. Given this narrow range, no correlation analyses between 

ST and environmental drivers were attempted. Instead, this section aims to describe spatial 

patterns in SML properties across the CONNECT transect and explore how physical and 

biogeochemical conditions shape microlayer dynamics in oligotrophic regimes. 

4.4.3 Nutrient Gradients 

Surface nutrient measurements (< 10 m) confirmed oligotrophic conditions, with mean 

nitrate and phosphate concentrations of 0.269 µmol L⁻¹ and 0.051 µmol L⁻¹, respectively, 

well below thresholds typically associated with nutrient-rich regimes. As illustrated in 

Figure 36 (top panel), daily mean surface nitrate concentrations remained consistently below 

1 µmol L⁻¹ across most of the transect, often close to the detection limit, while phosphate 

was similarly depleted and rarely exceeded 0.1 µmol L⁻¹ (Figure 36, bottom panel). While 

such low surface nutrient concentrations are expected in oligotrophic regions, their 

persistence highlights sustained nutrient limitation in the surface layer most relevant to SML 

processes. In contrast, the daily means for the entire water column (up to 5000 m) revealed 

substantially higher nutrient levels (nitrate: up to ~35 µmol L⁻¹; phosphate: up to 

~2.5 µmol L⁻¹), reflecting strong vertical nutrient gradients typical of stratified gyre systems. 

This pronounced disparity between surface and subsurface layers highlights the nutrient 
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limitation experienced by surface microbial and phytoplankton communities, a hallmark of 

oligotrophic regimes. Even when considered on a surface-only scale, nutrient concentrations 

showed no systematic longitudinal trend, consistent with the minimal spatial variability 

observed in surface tension and EF(ST) across the CONNECT transect. 

 

Figure 36: Daily mean nitrate (NO₃⁻, top) and phosphate (PO₄³⁻, bottom) concentrations along the SO287–

CONNECT transect (12–28 Dec 2021). Grey bars show whole-water-column means (0–5000 m), and blue 

bars show surface values (≤ 10 m). Dashed red lines mark the oligotrophic thresholds for NO₃⁻ (1 µmol L⁻¹) 

and PO₄³⁻ (0.1 µmol L⁻¹), respectively. 

 

4.4.4  patial  atterns  DOC Chl‐a Cells  

To provide environmental context for interpreting SML properties, we examined dissolved 

organic carbon (DOC), chlorophyll-a, and phytoplankton cell counts along the SO287–

CONNECT transect from 15° W (Las Palmas) to 80° W (Guayaquil) to highlight spatial 

trends (Figure 37).  
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Figure 37: Spatial patterns of DOC (top), chlorophyll-a (middle), and phytoplankton cell counts (bottom) 

along the SO287–CONNECT transect. Dots show station means; lines indicate LOESS-smoothed trends. 

 

This transect crosses the mid-Atlantic gyre (~45–55° W), a broad oligotrophic region that 

forms part of the North Atlantic Subtropical Gyre (Longhurst, 2007). This zone is 

characterized by persistently low chlorophyll-a concentrations (~0.08 µg L⁻¹) and reduced 

phytoplankton abundances (~9 × 10³ cells mL⁻¹), consistent with strong stratification, 

nutrient limitation, and suppressed primary productivity typical of subtropical gyres. DOC 

concentrations were relatively stable across this region (~65–75 µmol L⁻¹), with occasional 

localized peaks but no sustained large-scale anomalies.  
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Figure 38: Spatial distributions of dissolved organic carbon (DOC), chlorophyll-a, and phytoplankton cell 

counts across the SO287–CONNECT transect. Colours represent concentration gradients at each station. 

 

To link these longitudinal patterns back to geography, we mapped each station by latitude 

and longitude in Figure 38. At the eastern end of the transect (~15–25° W), chlorophyll-a 

concentrations increased slightly to ~0.18–0.20 µg L⁻¹, accompanied by higher 

phytoplankton cell counts (~2.5 × 10⁴ cells mL⁻¹). DOC also showed a modest rise in this 

region, while surface tension values remained tightly clustered and showed no pronounced 

deviation from the low-variability background observed across the transect. These changes 
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may reflect enhanced biological activity near the eastern boundary, potentially influenced 

by physical processes such as nutrient entrainment or weak upwelling in the vicinity of the 

Canary Current system. By contrast, at the western end of the transect (~75–80° W), only 

minor increases in chlorophyll-a (~0.15–0.17 µg L⁻¹) and phytoplankton cell counts 

(~1.5 × 10⁴ cells mL⁻¹) were observed. DOC concentrations remained within the range 

recorded across the mid-Atlantic gyre, and there was no strong evidence of pronounced 

biogeochemical enhancement in this region during the CONNECT cruise. Overall, only 

modest east–west biogeochemical gradients emerge under persistent oligotrophy. 

4.4.5 Fatty Acids 

 

Figure 39: Concentrations of saturated and unsaturated fatty acids (µg L⁻¹) in the surface microlayer (SML) 

and underlying water (ULW) along the SO287–CONNECT transect. 

 

Fatty acid analyses provided additional insights into microlayer composition (Figure 39). 

Mean total fatty acid concentrations in the SML (15.1 µg L⁻¹) were nearly double those of 
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the underlying water (ULW; 8.4 µg L⁻¹), indicating moderate microlayer enrichment. 

Saturated fatty acids dominated (SML: 14.4 µg L⁻¹; ULW: 8.1 µg L⁻¹), while unsaturated 

fatty acids, although minor in total mass (SML: 0.8 µg L⁻¹; ULW: 0.4 µg L⁻¹), exhibited 

higher enrichment factors (mean EF = 28.3; median = 2.7), reflecting their low background 

levels in the ULW. These findings confirm the presence of amphiphilic organic matter in the 

SML but suggest that fatty acids alone are unlikely to fully account for microlayer 

enrichment. The absence of simultaneous measurements of other classes of surfactant-active 

compounds (e.g., polysaccharides, proteins) precludes a complete assessment of their 

structural and functional roles in the surfactant film. 

4.4.6 Physical Forcing (Wind & SST) 

 

Figure 40: Wind speed (m s⁻¹) across the SO287–CONNECT transect, with colour gradients indicating 

variations at each station. 

 

Wind speed along the SO287–CONNECT transect ranged from 4.03 m s⁻¹ to a maximum of 

12.44 m s⁻¹. Moderate winds prevailed in the early part of the transect, intensifying mid-

cruise before subsiding towards the southern segment (Figure 40). Elevated turbulence in 

these high-wind areas likely deepens the mixed layer and disrupts the SML, potentially 

reducing the residence time of surfactants (Wurl et al., 2011; Cunliffe et al., 2013). However, 
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SML surface tension remained remarkably invariant across wind regimes. This suggests that 

wind forcing during CONNECT had limited measurable impact on microlayer enrichment. 

 

Figure 41: Sea surface temperature (°C) across the SO287–CONNECT transect, with colour gradients 

showing spatial variations at each station.  

 

Sea surface temperature (SST) increased steadily from ~22 °C in the eastern Atlantic to a 

peak of ~26.5 °C in the mid-Atlantic, before declining to ~23 °C near the equatorial terminus 

(Figure 41). SST exerts dual influence on microlayer dynamics: physiologically, it regulates 

microbial and phytoplankton metabolic activity, potentially modulating surfactant exudation 

(Wurl et al., 2011); physically, it affects seawater viscosity and intrinsic surface tension. 

Light availability is a well-established control on phytoplankton production and extracellular 

organic matter release, and has been shown to influence the accumulation of biologically 

derived surface-active material in the SML through its coupling to stratification and mixed-

layer depth. Although direct irradiance measurements were not available in this study, light 

is therefore expected to act as an indirect co-driver of surfactant enrichment along the 

transect. 

4.4.7 CONNECT–Channel Comparison 

As noted earlier in this chapter, fewer concurrent SML biogeochemical measurements were 

available for the CONNECT cruise than for the English Channel campaign; the comparison 
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below therefore focuses on contrasts that can be robustly supported by the available datasets. 

In the oligotrophic CONNECT region, surface nutrient scarcity and weak biogeochemical 

gradients—including only modest rises in chlorophyll-a, DOC, and fatty acids—proved 

insufficient to induce significant film enrichment. English Channel blooms drove SML 

surface tension depressions of  10 mN m⁻¹ (EF   1.3), whereas CONNECT transect values 

hovered near pure-water levels (mean ST 72.34 mN m⁻¹; EF ≈ 0.98). These contrasting 

outcomes reflect the dominant influence of trophic regime and mixing: nutrient-replete, 

seasonally dynamic coastal waters foster robust surfactant films, while stratified oligotrophy 

and physical disturbance in open-ocean gyres maintain a minimal, stable microlayer. 

Together, these findings underscore how nutrient availability and hydrodynamic forcing 

jointly govern the strength, variability, and persistence of surface‐active films across marine 

settings, with implications for air–sea exchange processes. 
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Chapter 5: Conclusion, Future Study, and Recommendations 

5.1 Conclusion 

This thesis aimed to enhance our understanding of surfactant dynamics in marine surface 

microlayers (SML) through the investigation of surfactant stability under various storage 

conditions, and the quantification of surface tension (ST) and surfactant activity (SA) across 

diverse marine environments. Our analysis involved tensiometric and voltammetric 

methodologies, systematically applied to both coastal (English Channel) and oligotrophic 

open-ocean (CONNECT campaign) regimes. 

We demonstrated that surfactant stability in stored SML samples is significantly influenced 

by storage temperature and preservation conditions, with deep-freezing at –80 °C better 

maintaining surfactant integrity (as measured by tensiometry) compared to refrigeration at 

4 °C. Refrigerated samples showed substantial degradation relative to initial measurements 

(T₀), highlighting significant loss of surfactant activity. The established protocols 

successfully minimized alterations caused by microbial activity, photodegradation, and 

freeze–thaw cycles. These findings establish essential methodological benchmarks, 

addressing critical gaps in the literature concerning surfactant stability and storage-induced 

biases in marine microlayer analyses. 

Field observations in the temperate coastal ocean revealed pronounced seasonal variability 

in surfactant film coverage (Δσ), closely aligned with phytoplankton biomass and sea-

surface temperature (SST) fluctuations. Coastal waters displayed significantly broader Δσ 

variability and higher surfactant enrichment factors (EF) relative to open-ocean settings, 

reflecting the influence of seasonal biological productivity in coastal waters compared to 

oligotrophic open-ocean regimes. A statistically significant positive relationship between 

phytoplankton biomass and film coverage (r = 0.50, p = 0.001) supported the dominance of 

biogenic surfactants, particularly under warmer spring and summer conditions. Nitrate 
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depletion was negatively correlated with surfactant enrichment (r = –0.31, p = 0.013), 

suggesting that enhanced surfactant concentrations coincide with phytoplankton-driven 

nutrient drawdown. These patterns highlight the intricate interplay between environmental 

forcing and biological surfactant dynamics. 

Comparative analysis of tensiometric and voltammetric methodologies demonstrated their 

complementary nature. While tensiometry directly assessed surfactant-induced alterations in 

interfacial tension, voltammetry provided rapid and selective quantification of surfactants 

exhibiting similar adsorption properties to the TX-100 standard. Although voltammetric 

measurements offered practical advantages for rapid field assessment, tensiometry provided 

a more integrative characterization of surfactant coverage, highlighting the benefit of 

combining both methodologies. 

Taken together, these outcomes provide critical insights for future air–sea gas-exchange 

models, emphasizing the importance of accurately representing SML dynamics, especially 

in regions influenced by phytoplankton blooms and nutrient cycling. Our comprehensive 

dataset significantly extends existing knowledge, refining current paradigms regarding 

surfactant enrichment processes and their spatial-temporal variability in marine ecosystems. 

5.2 Recommendations 

The findings presented in this thesis underline several key recommendations for 

methodological standardization and improved measurement reliability in marine surfactant 

studies: 

1. Optimal Storage Protocols: Given the observed substantial degradation at 4°C, we 

strongly recommend deep-freezing at -80°C for the preservation of SML samples. 

Immediate freezing and at ultra-low temperature storage should be standard practice 

to ensure minimal surfactant loss. 
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2. Integrated Analytical Approaches: Employing complementary analytical techniques 

(tensiometry and voltammetry) provides robust, comprehensive characterization of 

surfactant dynamics. Future studies should consistently adopt such integrated 

methodologies to capture both bulk and specific surfactant behaviours. 

3. Improved Temporal and Spatial Coverage: Long-term monitoring programs with 

regular sampling intervals are critical to understanding seasonal and interannual 

variability. Moreover, spatially diverse sampling across gradients from coastal to 

open ocean will refine understanding of terrestrial and anthropogenic impacts on 

marine surfactants. 

4. Standardization of Analytical Calibration and Reporting: Uniform calibration 

standards and clear reporting of analytical protocols are essential. Establishing inter-

laboratory calibration exercises could enhance reproducibility and comparability 

across global datasets. 

5. Enhanced Methodological Innovation: Developing in situ tensiometry systems 

capable of operating aboard moving vessels will significantly improve real-time 

surfactant assessment and support more responsive environmental monitoring. 

5.3 Future Study 

While substantial progress has been made, further exploration into several promising areas 

remains essential:  

• Molecular-Level Identification of Surfactants: Employing advanced analytical 

techniques, such as high-resolution mass spectrometry and nuclear magnetic 

resonance spectroscopy, can elucidate specific surfactant structures and their 

biogenic sources. Molecular-level identification will clarify mechanistic pathways 

linking phytoplankton biomass and nutrient dynamics with surfactant production. 
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• Climate Change Implications: Given the established linkage between SST, 

phytoplankton blooms, and surfactant enrichment, future research should explore 

surfactant dynamics under projected climate-change scenarios. Enhanced 

understanding of how warming ocean temperatures influence surfactant production, 

degradation, and air–sea interactions will be invaluable. 

• Microbial Dynamics and Surfactant Production: Investigations focusing on microbial 

community structure and metabolic pathways can significantly improve 

understanding of microbial contributions to surfactant pools. Metagenomic and 

transcriptomic approaches offer promising avenues for this research. 

• Global Modeling and Predictive Frameworks: Developing robust predictive models 

that incorporate surfactant dynamics into global biogeochemical and climate models 

is essential. High-resolution, process-based modeling approaches will significantly 

improve predictive capabilities for air–sea gas exchange under diverse marine 

conditions. 

• Artificial Intelligence and Big Data Integration: Leveraging machine learning and 

artificial intelligence techniques to analyze large-scale datasets will aid in identifying 

complex patterns and interactions among multiple environmental variables. Such 

integrative approaches can enhance our understanding of surfactant dynamics at 

broader temporal and spatial scales. 

In conclusion, the outcomes and recommendations of this thesis provide a foundation for 

advancing marine surfactant research through methodological refinement, interdisciplinary 

collaboration, and the application of innovative analytical techniques. Addressing the 

identified research gaps will support more accurate understanding and improved prediction 

of surfactant dynamics in marine ecosystems. 
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