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Abstract

Over the past several decades, Persistent Organic Pollutants (POPs) have garnered signifi-
cant attention due to their persistence in the environment and harmful effects on human health.
POPs include a broad range of chemical species, each characterized by a long half-life, widespread
distribution, high bioaccumulation, and toxicity. Despite these shared traits, individual POPs
can exhibit markedly different chemical properties, influencing their behavior in natural envi-
ronments. Coastal aquatic areas are particularly vulnerable to POP contamination due to their
proximity to emission sources, high biological productivity, and additional inputs from atmo-
spheric deposition and terrestrial runoff.

Modeling the fate of POPs is essential for understanding their distribution and identify-
ing areas of accumulation within the water column. This knowledge is critical for developing
strategies to mitigate and eventually eliminate these pollutants. This dissertation introduces a
newly developed numerical model designed to simulate the cycling of various POPs in aquatic
environments. A detailed fate analysis was conducted using a new chemical model, based on
the GOTM-ECOSMO-FABM framework, which integrates hydrodynamic and biogeochemical
components with a chemical module accounting for the specific physicochemical properties of
each selected pollutant. One of the key advantages of this model is its flexibility, allowing the
chemical module to be coupled with any hydrophysical and biogeochemical model setup. The
study includes 1D simulations at various locations in the North and Baltic Seas, investigating
how different hydrodynamic and biogeochemical conditions influence the fate of five POPs from
three distinct chemical classes.

This dissertation is structured into three parts, each addressing a specific research question.
The study builds complexity with each section, highlighting the processes impacting the fate of
POPs.

The first part examines the differing behaviors of five POPs based on their unique chemical
characteristics. Despite sharing certain properties, these POPs show variations in their distribu-
tion patterns. While all POP classes exhibit an affinity for organic matter, the rate of sorption and
desorption is dictated by their chemical structure, resulting in differences in seasonal distribu-
tion even within the same class. Additionally, the specific properties of each chemical influence
exchange processes between water and atmosphere, leading to variations in the balance of influx
and outflux and the pathways of degradation. Their persistent nature allows these pollutants
to remain in the environment for extended periods, undergoing long-range transport and slow
degradation, ultimately influencing their long-term fate.

The second part of the dissertation focuses on the impact of hydrophysical properties on pol-
lutant behavior within the North and Baltic Seas. The study area exhibits diverse hydrodynamic
and biogeochemical conditions that are crucial in determining pollutant distribution. This sec-
tion explores the roles of resuspension, mixing, the biological pump, sea ice, and tides in shaping
the final phase distribution of various POPs. These factors create specific pollutant accumulation
zones, or "hotspots," significantly influencing POP uptake and concentration within the water
column. Two key dynamics predominantly govern pollutant fate in coastal regions: i) Primary
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production facilitates the adsorption of POPs onto organic material, leading to their removal
from the surface ocean and enhancing atmospheric influx; ii) Tidal-induced resuspension and
mixing regulate benthic–pelagic exchange and vertical distribution of POPs. Sediments act as
either permanent sinks (e.g., Gotland Deep) or seasonal sinks (e.g., Northern North Sea), while
areas with permanent mixing, like the Southern North Sea, exhibit minimal pollutant accumu-
lation in sediments.

The final section examines system responses to elevated nitrate concentrations in the studied
regions. Increased nitrate levels boost organic matter production, a critical matrix for POP par-
titioning. In regions with distinct stratification, like the Gotland Basin, this leads to enhanced
removal of detritus and bound pollutants from the surface layer, but also increases atmospheric
flux. In seasonally stratified areas, resuspension of organic matter within the water column leads
to greater pollutant accumulation, reducing dissolved concentrations. Elevated nitrate and DOM
concentrations stimulate hydroxyl radical production, driving indirect photolysis and forming
highly toxic compounds like BDE-OH, particularly in permanently mixed areas with low light
penetration.

This dissertation offers new insights into the fate of POPs in coastal aquatic environments,
highlighting overlooked processes in existing models. The developed model effectively captures
the distinct behaviors of pollutants, even within the same class, and is designed to be coupled
with any hydrodynamic and biogeochemical host model.
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Zusammenfassung

In den letzten Jahrzehnten haben persistente organische Schadstoffe oder POPs (im En-
glischen "persistent organic pollutants") aufgrund ihrer gefährlichen Eigenschaften, insbeson-
dere ihrer Persistenz in der Umwelt und ihrer schädlichen Auswirkungen auf die menschliche
Gesundheit, große Aufmerksamkeit in der wissenschaftlichen Gemeinschaft erlangt. POPs um-
fassen eine Vielzahl chemischer Verbindungen, die durch eine lange Halbwertszeit, globale Ver-
breitung, hohe Bioakkumulation und Toxizität gekennzeichnet sind. Trotz dieser gemeinsamen
Merkmale können einzelne POPs sehr unterschiedliche chemische Eigenschaften aufweisen, die
ihr Verhalten in der Umwelt beeinflussen. Küstennahe aquatische Gebiete sind besonders an-
fällig für POP-Kontaminationen aufgrund ihrer Nähe zu Emissionsquellen, ihrer hohen biol-
ogischen Produktivität und zusätzlichen Einträgen durch atmosphärische Deposition und ter-
restrischen Abfluss.

Die Modellierung des Verbleibs von POPs ist entscheidend, um ihre Verteilungsmuster zu
verstehen und Akkumulationsgebiete innerhalb der Wassersäule zu identifizieren. Dieses Wis-
sen ist unerlässlich, um Strategien zur Minderung und letztendlichen Beseitigung dieser Schad-
stoffe zu entwickeln. Die in dieser Dissertation vorgestellte Forschung führt ein neu entwick-
eltes numerisches Modell ein, dass den Kreislauf verschiedener POPs im Ozean simuliert. Zur
detaillierten Analyse des Verbleibs einzelner Kongenere wurde ein neues chemisches Modell en-
twickelt. Dieses Modell berücksichtigt alle bekannten relevanten Prozesse basierend auf spezifis-
chen physikochemischen Eigenschaften jedes ausgewählten Schadstoffs. Ein wesentlicher Vorteil
dieses Systems ist seine Flexibilität, da das chemische Modul mit verschiedenen hydrodynamis-
chen und biogeochemischen Modellen gekoppelt werden kann. Diese Studie umfasst Simulatio-
nen für verschiedenen Standorten in der Nord- und Ostsee mit dem Ziel zu untersuchen wie
unterschiedliche hydrodynamische und biogeochemische Bedingungen den Verbleib von fünf
POPs aus drei verschiedenen chemischen Klassen beeinflussen.

Diese Dissertation ist in drei Teile gegliedert, von denen jeder eine spezifische Forschungs-
frage behandelt. Die Komplexität der Studie nimmt mit jedem Teil zu und beleuchtet die spezi-
fischen Prozesse, die den Verbleib von POPs beeinflussen.

Der erste Teil konzentriert sich auf das unterschiedliche Verhalten von fünf POPs basierend
auf ihren einzigartigen chemischen Eigenschaften. Die Studie untersucht drei verschiedene Klassen
von POPs und hebt Unterschiede in ihren Verteilungsmustern hervor, selbst wenn sie bestimmte
Eigenschaften teilen. Während alle POP-Klassen eine Affinität zu organischem Material zeigen,
wird die Sorptions- und Desorptionsrate durch ihre chemische Struktur bestimmt. Dies führt
zu Unterschieden in der saisonalen Verteilung der Schadstoffe, selbst innerhalb derselben POP-
Klasse. Zudem beeinflussen die spezifischen Eigenschaften jedes chemischen Stoffs die Aus-
tauschprozesse zwischen Wasser und Atmosphäre, was zu Variationen im Gleichgewicht von
Zufluss und Abfluss sowie den Abbauwegen führt. Trotz ihrer persistenten Natur, die auf kurzen
Zeitskalen biologische Abbauprozesse und photolytische Transformationen relativ unbedeutend
macht, bleiben diese Schadstoffe aufgrund ihrer Persistenz über lange Zeiträume in der Umwelt
erhalten. Sie können sogar über weite Strecken transportiert werden. Im Laufe der Zeit sum-
mieren sich die langsamen Abbau- und Transformationsprozesse und verändern den langfristi-
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gen Verbleib dieser Schadstoffe.

Der zweite Teil dieser Dissertation befasst sich mit der Klärung des Einflusses hydrophysikalis-
cher Eigenschaften auf den Verbleib von Schadstoffen in der Nord- und Ostsee. Das Unter-
suchungsgebiet weist eine Vielzahl hydrodynamischer und biogeochemischer Bedingungen auf,
die entscheidend dafür sind, wie sich Schadstoffe verhalten und innerhalb der marinen Umwelt
verteilen. In diesem Abschnitt werden die Rollen von Resuspension, Durchmischung, der bi-
ologischen Pumpe, Meereis und Gezeiten bei der Bildung der finalen Phasenverteilung ver-
schiedener POPs untersucht. Das Zusammenspiel dieser Faktoren führt zur Entstehung spezifis-
cher Schadstoff-Akkumulations-zonen oder "Hotspots" und beeinflusst maßgeblich die Gesam-
taufnahme und Konzentration von POPs in der Wassersäule.

Der letzte Abschnitt untersucht die Reaktion des Systems auf erhöhte Nitratkonzentra-
tionen in den untersuchten Regionen. Erhöhte Nitratwerte führen zu einer gesteigerten OM-
Produktion, die als kritische Matrix für die Partitionierung von POPs dient.

Diese Dissertation ergibt neue Erkenntnisse über den Verbleib verschiedener POPs in der
küstennahen aquatischen Umgebungen und hebt Unterschiede und Schlüsselprozesse hervor, die
in Modellierungsansätzen oft keine Berücksichtigung finden. Die Ergebnisse zielen darauf ab,
den Einfluss verschiedener Komponenten des aquatischen Systems auf die Verteilungsmuster
und die endgültige Akkumulation von POPs mit unterschiedlichen chemischen Eigenschaften
zu untersuchen.

10



List of Abbreviations

.
POP Persistent organic pollutants
EC Emerging contaminants
PCB Polychlorinated biphenyls
CB Chlorinated biphenyls (biphenyls with one chlorine in the structure)
BDE(PBDE) Polybrominated Diphenyl Ethers
PFAS Per- and polyfluoroalkyl substances
PFOA Perfluorooctanoic acid
DDT Dichlorodiphenyltrichloroethane
NO3 Nitrate
NO2 Nitrite
OH· Hydroxyl radical
CO−3 Carbonate anion
CDOM Chromophoric dissolved organic matter
.
SC Stockholm Convention
SNS Southern North Sea
NNS Northern North Sea
GOTM ‘General Ocean Turbulence Model’ [Umlauf et al., 2024]
ECOSMO ‘ECOSystem MOdel’, is a 3D fully coupled physical–biogeochemical model [Daewel
and Schrum, 2013]
FABM The Framework for Aquatic Biogeochemical Models [Bruggeman and Bolding, 2014]
NPZD (model) Nutrients, phytoplankton, zooplankton, detritus ecosystem model
TKE Turbulent Kinetic Energy
CTD Oceanography instrument used to measure the electrical conductivity, temperature, and
pressure of seawater
WOA World Ocean Atlas
EMEP ‘European Monitoring and Evaluation Programme’ [EMEP, 2024]
LRT Long-range transport
LRTP Long-Range transport on Plastic
OM Organic matter
POM Particulate organic matter
DOM Dissolved organic matter
SSE Sea surface elevation
SSA Sea Salt Aerosols
SML Surface mixed layer
BML Bottom mixed layer
TLS Turbulence length scale
ORCM Oxidative ring cleavage mechanism
MFC Micelle formation concentration
ES Excited state
HSC High (Higher) Substituted Congener
LSC Low (lower) Substituted Congener

11



LFER Linear free-energy relationships
BCF Bioconcentration Factor
LC50 Lethal concentration of 50 % species
UV Ultra-violet (refers to the part of the light spectrum)
GC-MS Gas Chromatography Mass Spectrometer
LC-MS Liquid Chromatography Mass Spectrometer
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1 Introduction

1.1 Persistent Organic Pollutants

As the previous century drew to a close, heightened public awareness of the emission of haz-
ardous chemical substances into the environment brought about growing concerns regarding
their impact on human health. The dawn of the 21st century marked a significant milestone
with the introduction of the Stockholm Convention on Persistent Organic Pollutants (POPs)
[SC, 2019].

The group of pollutants commonly referred to as POPs encompasses numerous chemical
species that meet specific criteria: they possess exceptionally long half-lives, are widely dis-
tributed throughout various environmental matrices (including soil, water, and air) [Miniero
et al., 2015, SC, 2019, Schwarzenbach et al., 2016], exhibit high bioaccumulation and/or bio-
magnification factors, and pose significant hazards to both human health and wildlife [IARC,
2016, Ren et al., 2017, Wu et al., 2022, Rokni et al., 2023, Alharbi et al., 2018, Qing Li et al., 2006].

The primary sources of POPs are generally of anthropogenic origin, stemming from vari-
ous pathways such as industrial processes [Breivik et al., 2007], pesticide usage [Vijgen et al.,
2018, Wong et al., 2005], bleaching from landfills/wastelands [Ng and von Goetz, 2017, Kohler
et al., 2005, Ruiz-Fernández et al., 2014], and unintentional production [SC, 2019]. The first
two types of POPs are intentionally produced by humans, and we are aware of their use or re-
lease into the environment. The latter two types can be considered as secondary sources of POPs
production [Mishra et al., 2022, SC, 2019]. Despite being unintentionally released, their effects
remain significant.

Following the banning of some POPs under the Stockholm Convention’s Annexes A and
B [SC, 2019], the production of these restricted chemicals has decreased or ceased altogether.
However, they can still be found in various environmental compartments [Ruiz-Fernández et al.,
2014, Ng and von Goetz, 2017, Guo et al., 2019]. This persistence is not only due to their long
half-life but also because of additional releases from industrial and electronic waste [Kohler et al.,
2005, Ruiz-Fernández et al., 2014, Ng and von Goetz, 2017, Guo et al., 2019, SC, 2019]. Moreover,
by definition, POPs are compounds of organic origin containing carbon and hydrogen atoms in
their structure, which persist in the environment. Once released, they enter the ecosystem and
can remain there for decades.

While POPs are known for their resistance to degradation, certain natural processes can still
affect them [Schwarzenbach et al., 2016]. In aquatic environments, there are two common ways
in which these pollutants can be transformed into other compounds [Eriksson et al., 2004, Boyle
et al., 1992, Agulló et al., 2019, Zhang et al., 2015].

The first is through photochemical transformation. Most hydrophobic POPs absorb sun-
light in the UV range. When exposed to photon flux, these compounds can become activated
and enter an excited state, enabling them to transform into other compounds [Lores et al.,
2002, Schwarzenbach et al., 2016, Eriksson et al., 2004]. While this process results in a decrease
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in the initial concentration of the pollutant, in some cases, the newly formed compounds can be
even more hazardous than the parent ones. This phenomenon is observed with polybrominated
diphenyl ethers (PBDEs) [Eriksson et al., 2004] (Figure 6).

Another way in which POPs undergo transformation is through biodegradation. Certain
bacterial communities possess the capability to metabolize specific POPs. For example, aerobic
bacteria belonging to genera such as Pseudomonas and Acinetobacter can degrade polychlorinated
biphenyls (PCBs) with particular chemical structures, such as PCB28, but are unable to degrade
other PCBs like PCB153 [Boyle et al., 1992, Agulló et al., 2019]. In a recent study, Zhang and
colleagues demonstrated that the cyanobacterium Anabaena PD-1 can degrade PCB153, albeit to
a lesser extent compared to PCB28 (34.5:100%) [Zhang et al., 2015].

Due to their physical and chemical persistence, POPs tend to accumulate in various envi-
ronmental compartments [Schwarzenbach et al., 2016, Beyer and Biziuk, 2009, IARC, 2016, SC,
2019, Nadal et al., 2015]. Additionally, these contaminants can be transported over long distances
in the atmosphere and open water matrices through a process known as long-range transport
(LRT) [SC, 2019, Nadal et al., 2015]. There are two primary modes of LRT for POPs: atmo-
spheric and oceanic [de Wit et al., 2004, Lohmann et al., 2007].

Atmospheric LRT is considered the faster route for pollutant transport [Kallenborn et al.,
2015]. Through mechanisms such as global distillation or the grasshopper effect [Gouin et al.,
2004], pollutants released into the atmosphere in regions of high production can travel vast dis-
tances to remote areas, including polar regions and the deep ocean [Jamieson et al., 2017, Sobek
et al., 2023, Kallenborn et al., 2015]. In the northern hemisphere, these pollutants are often trans-
ported towards the Arctic, where they can persist for extended periods.

Oceanic transport, while slower, also contributes significantly to the dissemination of POPs
to remote areas, even decades after their production [Luarte et al., 2023]. The open ocean’s lack
of organic matter and degradation sources allows hydrophobic POPs to remain in the water col-
umn and undergo LRT.

Recently, attention has been drawn to another mechanism in aquatic LRT involving plas-
tic debris. Chemical additives in plastic debris, as well as POPs that accumulate on micro- and
nano-plastics, can travel long distances in higher concentrations than when freely dissolved [An-
drade et al., 2021]. Moreover, micro plastic particles can trap other emerging contaminants (EC)
and transport them to polar regions. This means that contaminants with short half-lives can also
reach the Arctic Circle, posing a threat to local communities and wildlife. The persistent nature
of POPs and the slow movement of oceanic currents have led to the underestimation of oceanic
LRT by the scientific community. However, Andrade et al. [Andrade et al., 2021] have empha-
sized that the oceanic LRT of pollutants on plastic (LRTP) should be included in the Stockholm
Convention’s considerations due to its significant impact.

The exposure of humans and the environment to POPs remains a critical concern. Despite
their poor solubility in water, pollutants like PCBs and PBDEs exhibit high lipophilicity (Kow

= 104-107) [ChemSpider, 2024], which enhances their affinity for fatty tissues in biota [IARC,
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2016, Lippold et al., 2019]. This characteristic, combined with the slow metabolism of these
hydrophobic substances, leads to their bioaccumulation within organisms and increasing con-
centrations along the food chain—a process known as biomagnification [Schwarzenbach et al.,
2016]. Consequently, animals at the top of the food chain, particularly birds and mammals,
including humans, accumulate the highest concentrations of POPs [Khairy et al., 2021, IARC,
2016, Andvik et al., 2020, Lippold et al., 2019].

Once in the body, POPs have an extended half-life. For instance, PCBs can persist in the
human body for 2.6 to 15.5 years, depending on the specific congener [Ritter et al., 2011, IARC,
2016]. The bioaccumulation of POPs is associated with numerous serious health issues, including
cancer, immune system effects, reproductive and neurological disorders, endocrine disruption,
and other significant health problems [IARC, 2016, Lippold et al., 2019, Ren et al., 2017, Wu
et al., 2022, Rokni et al., 2023, Alharbi et al., 2018, Qing Li et al., 2006].

Lipophilic toxic chemicals are efficiently concentrated in high-fat fluids such as semen and
breast milk, which leads to their higher accumulation in these fluids compared to other body
tissues. This property facilitates the direct transfer of these pollutants to fetuses or infant off-
spring during pregnancy and breastfeeding [IARC, 2016, Lippold et al., 2019].

Intentional and unintentional releases of POPs affect every link in the ecosystem. Under-
standing their behavior in natural matrices is crucial for finding safe and effective solutions
for their elimination. Knowledge about the mechanisms governing POP behavior in the envi-
ronment can help evaluate their distribution patterns and prevent undesirable accumulation in
remote areas with high biological productivity. This understanding is also essential for develop-
ing conscious and responsible elimination techniques that can efficiently remove POPs from the
environment without causing further harm.

Given our limited knowledge of the environment, predicting the precise effects of POPs in
advance is challenging. However, current scientific capabilities allow us to measure and assess
the presence of POPs in both present and past contexts. Environmental modeling enables us not
only to describe and understand the current behavior of POPs in natural compartments but also
to project their future behavior.

Therefore, modeling the fate of POPs in the environment is the focus of this research. The
presented study aims to incorporate specific chemical pathways of various selected pollutants
into a multi-compartment, complex biogeochemical numerical model to evaluate their accumu-
lation areas in the marine environment. This approach will provide valuable insights into the
long-term impact and distribution of POPs, aiding in the development of more effective and
safer remediation strategies.

1.1.1 General challenges of POPs research

The Stockholm Convention (SC) regulates over 30 different groups of POPs under categories
such as elimination (Annex A), restriction (Annex B), and unintentional production (Annex C)
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[SC, 2019]. Each category encompasses hundreds of substances or congeners. For instance, the
PCB group contains 209 congeners, each differing in the number of chlorine atoms in their chem-
ical structure. While these congeners share some general properties, such as hydrophobicity and
a low Henry’s law constant, other critical properties can vary significantly [ChemSpider, 2024].

For example, lower substituted congeners (LSC) like PCB28 are susceptible to degradation by
bacterial communities, whereas higher substituted congeners (HSC) like PCB209 are not degrad-
able in the same manner [Boyle et al., 1992, Zhang et al., 2015, Agulló et al., 2019]. Nevertheless,
PCB209 can be transformed into PCB28 through photo-induced dechlorination [Wong and Wong,
2006]. Thus, it is essential to distinguish between different congeners within the same contam-
inant class and to simulate the specific pathways for each, including their unique reactions and
mechanisms. This approach ensures a more accurate understanding of their behavior and impact
in the environment.

In addition to the vast number of pollutant classes and the numerous compounds they en-
compass, there are several other complexities in POPs research. In natural compartments, hy-
drophobic pollutants tend to bind to non-polar organic matrices such as particulate organic mat-
ter (POM), dissolved organic matter (DOM), and plastics [Schwarzenbach et al., 2016, Rodrigues
et al., 2019, Cui et al., 2023]. The sorption of POPs to these matrices is influenced not only by
the specific properties of each congener or type of chemical but also by various characteristics
of the organic matter. These characteristics include the carbon content and origin, particle size,
pH, salinity, ionic strength, chemical structure, density, and crystallinity of the matrix, as well as
the polymer type (with different types of micro- and nanoplastics exhibiting different sorption
rates) [Rodrigues et al., 2019, Cui et al., 2023, van Noort et al., 2003, Sobek et al., 2023]. This
complexity introduces significant uncertainty into the available data and parameters required
for model implementation.

Direct measurement of specific chemicals or congeners in the environment poses significant
challenges. Congeners within the same pollutant class often exhibit similar and overlapping
signals on analytical instruments such as GC-MS and LC-MS, making separation and accurate
identification difficult. Additionally, these measurement processes are extremely costly.

Laboratory experiments on POPs in water also face various obstacles. Due to their hydropho-
bic nature, these experiments are typically conducted in polar solvents like alcohols (propanol,
ethanol, methanol, etc.). Consequently, the results of such experiments may not be directly ap-
plicable to natural water conditions [Wong and Wong, 2006].

As POPs have a tendency to accumulate on OM, measuring concentrations on DOM can be a
problematic issue - it is difficult to separate POPs in dissolved form from POPs sorbed to DOM
[Garrido Reyes et al., 2021]. Understanding the distribution of hydrophobic chemicals on OM
is crucial for estimating the overall fate of POPs in the marine environment. Pollutants such as
PCBs and PBDEs have a significant fraction bound to DOM, which enhances the bioaccumula-
tion of POPs in marine biota through consumption. However, with the knowledge of sorption
coefficients, these processes can be effectively simulated using biogeochemical models [Daewel
et al., 2020, Mikheeva et al., 2022].
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1.1.2 Current state-of-art for Pollution Models Development

Although this approach is widely accepted in the scientific community, there is currently no
high-resolution 3D model that comprehensively describes the detailed behavior of these contam-
inants in coastal and other marine environments. Most research in this field has relied on either
box models or numerical models. Each of those approaches suits for different research questions
and has its own advantages and disadvantages.

Box models were the first step in the development of POPs modelling. Originally, they were
employed to estimate fluxes of POPs between different environmental compartments [Scheringer
et al., 2004, Scheringer, 1996, Kong et al., 2014, Lamon et al., 2012, Webster et al., 2004], spatial
distribution such as latitudinal zones [Scheringer et al., 2000, MacLeod et al., 2001], and gener-
ally to estimate areas of accumulation [Wania and Mackay, 1995]. This approach is simple but
useful for those research purposes. Although the POPs model development made a huge leap
forward, this approach is still widely used for making first estimations of the system response
and comparison of its results to measurements [Wang et al., 2020].

Alongside box models, numerical modeling is another widely used approach, ranging from
one-dimensional (1D) [Jurado et al., 2007] to three-dimensional (3D) models [Daewel et al.,
2020, Ilyina et al., 2006, Alekseenko et al., 2018, Huang et al., 2007]. This method accounts
for specific parameters of the simulated region, encompassing physical, chemical, and biogeo-
chemical characteristics, depending on the model’s design. Typically, these models are applied
to either aquatic [Daewel et al., 2020, Ilyina et al., 2006, O’Driscoll et al., 2013] or atmospheric
environments [Hansen et al., 2004, Huang et al., 2007, EMEP, 2024, Van Jaarsveld et al., 1997].
Spatially, they can vary from selected locations (1D models) [Jurado et al., 2007, Mikheeva et al.,
2022] to local [Alekseenko et al., 2018], regional [O’Driscoll et al., 2013, Ilyina et al., 2006, Daewel
et al., 2020, Van Jaarsveld et al., 1997], or global scales [Huang et al., 2007]. While these models
demand significant computational resources, smaller domains are generally easier and faster to
simulate. However, the computational demand strongly depends on the model’s resolution.

The aforementioned studies primarily focus on the influence of environmental conditions
on the fate and transport of POPs, considering factors such as hydrodynamic regimes [Jurado
et al., 2007, O’Driscoll et al., 2013, Mikheeva et al., 2022], biogeochemical processes [Ilyina et al.,
2006, Daewel et al., 2020], and the specific conditions required for long-range transport (LRT)
[Huang et al., 2007]. Research on LRT has predominantly been applied to atmospheric global
models, owing to the relative lack of studies in the aquatic environments in this area.

To investigate the distribution and accumulation of persistent pollutants, as well as their
seasonality and the importance of various system factors, numerical modeling is an appropri-
ate tool, especially for pollutants with long half-lives. However, the chemistry of POPs is often
oversimplified in these models. Rather than accounting for congener-specific physical and chem-
ical properties—which are essential for understanding the degradation and accumulation pro-
cesses—these models typically group POPs into a single category or simplify their degradation
patterns. This approach neglects the differing behaviors and impacts of various PCB congeners,
thereby limiting the accuracy and comprehensiveness of the simulations. Typically, these pro-
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cesses are deliberately neglected to conserve computational time.

Dynamic modeling of the transport and transformation of individual contaminants in coastal
areas holds promise for estimating the global fate of POPs. However, existing state-of-the-art
models have notable limitations that hinder their effectiveness in accurately capturing POP dy-
namics. Coastal environments are characterized by significant variability in hydrodynamic and
biogeochemical conditions across various time scales. Additionally, these systems are influenced
by benthic-pelagic feedback mechanisms, which involve frequent shifts between processes such
as sedimentation and resuspension of organic matter [Daewel and Schrum, 2013]. These com-
plexities present challenges for modeling POP behavior in coastal regions.

1.1.3 Development of a Modeling Framework for This Study

The numerical model, used in this study is designed to simulate the cycling of various classes
of POPs within marine ecosystems. The introduction of this model was first published in 2022
[Mikheeva et al., 2022] and the results from that article are incorporated into the current study.
This model integrates biogeochemical and physical processes occurring in the water column, as
well as the coupling between benthic and pelagic environments, while considering the unique
chemical characteristics of each POP species. Our aim is to investigate the influence of different
processes within the water column on the behavior of each selected pollutant, accounting for
their specific physicochemical properties.

To elucidate the dominant hydrodynamic effects on POP transformation, we conducted ini-
tial simulations using 1D model configurations. Four distinct hydrodynamically varied regions
within the North Sea and the Baltic Sea were selected for these simulations. The North Sea sites
exhibit tidal influences with varying depths and levels of biological productivity. The Gotland
Basin, situated in the Baltic Sea, is characterized by strong stratification due to its considerable
depth. Finally, the Bothnian Bay experiences advective mixing, particularly during seasons of ice
cover. These seas, located in Northern Europe, have historically been associated with high levels
of POP production [SC, 2019, Berdowski et al., 1997, McLachlan et al., 2018, Breivik et al., 2002].
Despite regulatory efforts such as those implemented by the Stockholm Convention to ban the
production of these pollutants [SC, 2019], POPs persist in both marine environments and the
atmosphere [EMEP, 2024].

The developed comprehensive dynamic model is designed to be versatile and capable of pre-
dicting the fate of all POPs, considering their individual characteristics. In this research, we fo-
cus on simulating the behavior of three major classes of POPs: polychlorinated biphenyls (PCBs),
polybrominated biphenyl ethers (PBDEs), and per- and polyfluorinated substances (PFAS).
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2 Chemical and scientific justification

2.1 Chosen pollutants
For the detailed study of the marine environmental fate, we decided to focus of 3 specific

groups of industrial POPs: Polychlorinated Biphenyls (PCB), PolyBrominated Diphenyl Ethers (PBDE)
and Per- and PolyFluoroAlkyl Substances (PFAS). These pollutants have been earmarked for elim-
ination by the Stockholm Convention. While PCBs were among the initial POPs classified by
the SC, PBDEs and PFAS fall under the category of "new POPs" as designated by the convention
[SC, 2019].

Two of the chosen pollutant categories exhibit hydrophobic characteristics. Both PCBs and
PBDEs demonstrate extremely low solubility in water. On the other hand, PFAS possess a surfac-
tant nature—featuring one hydrophobic head and one water-soluble head. Consequently, apart
from sharing physical properties with PCBs and PBDEs, PFAS possess unique attributes that
influence their behavior in the water column. All these contaminant classes can exist in a freely
dissolved state but exhibit a strong affinity for binding to organic carbon [Schwarzenbach et al.,
2016, Mackay et al., 2006, Beyer and Biziuk, 2009].

In shelf waters, the concentration of recently released ("fresh") POPs tends to be higher com-
pared to the open ocean, primarily due to their proximity to land-based sources. The absence
of organic matter and degradation sources allows these chemicals to persist in the open ocean.
Coastal waters serve as the initial phase of the journey for selected POPs from land to the open
ocean [Hemond and Fechner, 2015, Mackay et al., 2006, Olenycz et al., 2015, Schwarzenbach
et al., 2016]. A comprehensive understanding of their behavior in these regions is crucial for
predicting their environmental fate under changing external conditions, such as variations in
emissions and climate change.

The objective of this chapter is to provide a comprehensive overview of selected pollutants,
outlining their primary characteristics, and rationalizing the choice of specific congeners for
simulations and analysis.

2.1.1 Polychlorinated Biphenyls (PCB) and Polybrominated Diphenyl Ethers (PBDEs)

Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) belong to
the class of POPs. Despite being banned from production in most countries [SC, 2019], they
persist in the environment due to their long half-life and legacy sources.

PCBs, along with other chlorinated pollutants such as dichlorodiphenyltrichloroethane (DDT)
and aldrin, were among the first substances identified as toxic and persistent environmental
contaminants [Fulton and Matthews, 1936]. These compounds are notable for their ability to
accumulate within ecosystems, particularly within trophic levels of food webs. The large-scale
production of PCBs commenced in the early 1930s [Markowitz, 2018]. During this period, PCBs
were manufactured and marketed as industrial mixtures under the trade name Aroclor. These
mixtures comprised various PCB congeners, each denoted by a specific numerical identifier re-
flecting the chlorine content by weight. For instance, Aroclor-1242, one of the most widely used
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formulations, contains 42% chlorine by weight [Katsikantami et al., 2024].

Initially, PCBs were intended for use as dielectric fluids in transformers and capacitors due
to their excellent insulating properties [Fulton and Matthews, 1936]. However, their applica-
tion rapidly expanded to a broad array of industrial and commercial uses. PCBs were employed
as fire retardants and incorporated into paints, varnishes, adhesives, lacquers, and transparent,
moisture-resistant paper. Additionally, they served as heat transfer fluids, impregnation agents,
plasticizers for a diverse range of products, and were even used in inks and chewing gum formu-
lations [Markowitz, 2018].

Nowadays, main sources of banned PCBs release include improperly managed electronics
and manufacturing landfills, illegal disposal of old PCB-containing transformer fluids, and leaks
from such sources, as well as disposal of PCB-containing consumer products in non-hazardous
waste landfills [Wolska et al., 2012]. Legislation

Polybrominated diphenyl ethers (PBDEs) were introduced approximately half a century after
the inception of PCBs, specifically in the 1970s [Environment Agency, 2019]. These compounds
are predominantly recognized for their efficacy as flame retardants. PBDEs have been exten-
sively incorporated into a wide variety of consumer products, including electrical and electronic
equipment, textiles, and polyurethane foams used in furniture [Environment Agency, 2019, EPA,
2009, Abbasi, 2015]. The primary function of PBDEs in these applications is to inhibit the igni-
tion and slow the spread of fire, thereby enhancing the fire safety of these products. Simultane-
ously, research has demonstrated that decabromodiphenyl ether (decaBDE) can act as a precur-
sor to other lower brominated congeners through various transformation processes [Pan et al.,
2016, Zhao et al., 2015]. These processes include photolytic degradation, where exposure to light
causes the breakdown of decaBDE, and biological degradation, where microorganisms metabo-
lize decaBDE into less brominated forms. Consequently, decaBDE contributes to the formation
of a range of polybrominated diphenyl ethers with differing degrees of bromination, which can
exhibit distinct environmental behaviors and toxicological profiles [Schmitt et al., 2021, Envi-
ronment Agency, 2019, Pan et al., 2016, Zhao et al., 2015, Abbasi, 2015].

Since the production of PBDEs has been banned in most countries, the primary source of
these pollutants in aquatic environments has become unintentional. This unintentional release
occurs primarily through leaching from discarded electronic devices and manufacturing waste
in landfills. As a result, these persistent organic pollutants continue to pose significant risks to
biological communities, perpetuating their presence and adverse effects in ecosystems despite
the cessation of their production [IARC, 2016, Wolska et al., 2012, EPA, 2009]. Legislation

Both PCBs and PBDEs are hydrophobic contaminants with a strong tendency to bind to or-
ganic matter (OM) [Beyer and Biziuk, 2009, Mackay et al., 2006]. This behavior stems from their
low water solubility and high affinity for organic carbon matrices [Schwarzenbach et al., 2016].
PCBs adsorbed on particulate organic matter (PCBPOM ) are transported downward due to the
sinking velocity of particulate organic carbon (POC) particles, leading to their accumulation
in sediments. Additionally, PCBs and PBDEs form strong bonds with dissolved organic mat-
ter [Schwarzenbach et al., 2016, ChemSpider, 2024, van Noort et al., 2003, Jonker and Smedes,
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2000]. While this type of DOM does not sink, it remains in the dissolved phase and absorbs freely
dissolved PCBs (PCB f ree) and PBDEs (PBDE f ree). Freely dissolved contaminants and those ab-
sorbed on DOM are readily available for direct biological uptake, as they can diffuse through cell
membranes and bioconcentrate inside phytoplankton [Alava et al., 2018, Schwarzenbach et al.,
2016]. PCBs and PBDEs attached to detritus are not directly available for diffusive bioconcen-
tration due to particle size but can accumulate in higher trophic levels through feeding.

These processes are general for all PCBs and PBDEs, but specific properties of the pollutants
determine their partitioning between all three phases (POPPOM , POPDOM and POP f ree). The
ability of PCBs and PBDEs to bind to OM is described by the octanol-water partition coeffi-
cient Kow. For PCBs logKow varies from 4.46 (CB1) to 8.27 (PCB209) [ChemSpider, 2024, Zhou
et al., 2005]. PBDEs exhibit a similar range, with logKow values spanning from 4.34 (BDE1) to
9.87 (BDE209) [Bao et al., 2011]. Furthermore, variations in the chemical and physical properties
of each congener result in distinct transport and degradation patterns, particularly in aquatic
environments [Daewel et al., 2020, Ilyina et al., 2006].

Chlorinated biphenyls (CBs) consist of two directly linked to each other phenyl rings, with
chlorine atoms, which may substitute hydrogen atoms in ortho, meta, and/or para positions (Fig-
ure 1). There exist a total of 209 congeners of CBs, and their properties are primarily dictated
by their chemical structure [ChemSpider, 2024]. Notably, photodegradation predominantly af-
fects higher chlorinated congeners, leading to subsequent dechlorination (loss of chlorine atoms
under UV irradiation) [Pagni and Sigman, 1999, Wong and Wong, 2006]. Conversely, aerobic
biological degradation necessitates a specific structure in the PCB molecule, with two chlorine-
free carbon atoms positioned in ortho and meta positions on the same side of the benzene ring
(Figure 1) [Borja et al., 2005, Boyle et al., 1992]. Without this arrangement, bacteria within the
microbial community cannot cleave the carbon-carbon bond.

Figure 1: General chemical structure of chlorinated biphenyls (PCBs)

Polybrominated diphenyl ethers (PBDEs) represent another class of hydrophobic POPs, com-
prising 209 congeners [ChemSpider, 2024]. Widely used as flame retardants, PBDEs have been
banned alongside PCBs under the SC [SC, 2019]. Despite this, PBDEs exhibit structural dispar-
ities from PCBs [ChemSpider, 2024]. Primarily, bromine atoms replace hydrogen atoms in the
benzene rings. However, the most significant structural deviation lies in the linkage of benzene
rings by an oxygen atom, rendering the structure more flexible. With bromine being larger than
chlorine, the PBDE molecule may bend at certain positions in the ring to optimize bond energy,
resulting in diverse structural configurations among BDE congeners — classified as planar and
non-planar [ChemSpider, 2024]. These variations are crucial for energy transfer in photolytic
processes or bacterial degradation [Zhang et al., 2013, Schwarzenbach et al., 2016]. Analogous
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to PCBs, certain BDE congeners experience higher biodegradation and bioconcentration due to
their structural features. Moreover, some BDE congeners can undergo transformation under pho-
tochemical processes into hydroxylated chemicals and furans (Figure 6), which exhibit greater
toxicity, longer half-lives, and higher bioaccumulation factor (BCF) values than BDEs themselves.

Figure 2: General structure of Polybrominated Biphenyl Ethers (PBDEs)

Finally, the atmospheric exchange is dictated by the Henry’s law constant, a parameter highly
contingent on the enthalpy and entropy of dissolution, which vary based on the chemical prop-
erties of each pollutant [Bamford et al., 2000].

In this study, two congeners from each class are under scrutiny—one with a higher degree of
substitution and one with a lower degree. Research indicates that higher substituted congeners
(HSC) exhibit greater persistence in aquatic environments and may even permeate to the deep-
est depths of the planet [Jamieson et al., 2017]. However, such congeners have been observed to
undergo halogenation reduction under solar irradiation, a process known as photolytic dechlo-
rination/debromination (e.g., for BDE, see Figure 6). Lower substituted congeners (LSC), on the
other hand, tend to display lower resistance to biodegradation but are relatively less affected by
photolytic processes.

For PCBs, considering the aforementioned factors, we selected the higher substituted con-
gener PCB153 and the lower substituted congener PCB28 (Figure 3a). The hypothesis of trans-
formation from PCB153 to PCB28 under sunlight activity opens the possibility of modeling the
interlinkage between different pollutant fates under similar conditions.

Figure 3: Chemical structure of chosen congeners as original (parent) pollutants from a - PCB
class; b - PBDE class
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In our selection of BDEs, we focused on HSC BDE209 and LSC BDE47 (Figure 3b). Alongside
these, we incorporated the processes of hydroxylation of both BDEs to BDE-OH into the model.
However, it’s important to note that these latter two compounds are included in the model as
by-products, and their fate was not explored in this particular study.

It is important to acknowledge the scarcity of available data for BDEs due to the high costs
and complexities associated with measuring them in natural waters. Nevertheless, compared to
PCBs, the chemistry of photolytic transformations of PBDEs has been subject to more detailed
study [Pan et al., 2016, Zhao et al., 2015, Wang et al., 2018, Rayne et al., 2006, Roszko et al.,
2015, Usenko et al., 2012, Yang and Chan, 2014, Schmitt et al., 2021]. Consequently, the model
was initially applied to PCBs [Mikheeva et al., 2022]. Following the investigation of PCB pro-
cesses in the marine environment under various hydrodynamic conditions using the developed
model, we made the decision to test it on PBDEs and PFAS to explore other chemical processes
and variations in their fate.

2.1.2 PFAS

PFAS, or Per- and Polyfluorinated Substances, represent another class of anthropogenic or-
ganic pollutants. One prominent compound within this group is PFOA (perfluorooctanoic acid),
which, due to its persistence in the environment and its toxic and bioaccumulative properties,
can also be categorized as a POP [SC, 2019].

Among the three selected groups of POPs, PFAS are particularly notable for several reasons.
Although these chemicals were first discovered in the 1930s and began to be widely used in the
1950s [ITRC, 2020], they continue to be incorporated into a broad range of products despite their
toxic and persistent nature. This can be attributed to the fact that significant environmental de-
tection of PFAS did not occur until around the year 2000 [ITRC, 2020]. The extensive use of
PFAS is primarily attributed to their exceptional chemical stability, which makes them highly ef-
fective in various applications. These applications include water and dirt-repellent coatings, food
packaging, outdoor apparel, furniture, firefighting foams, aerosol propellants, and heat transfer
fluids [Organisation for Economic Co-operation and Development (OECD), 2006, Gluege et al.,
2020, Buck et al., 2011].

PFOA consists of a carboxyl group at one end and an aliphatic tail comprising seven car-
bon atoms with fluorine atoms replacing hydrogen atoms (Figure 4) [ChemSpider, 2024]. Its
distinctive physico-chemical properties make it particularly interesting for comparison with the
aforementioned POPs [ITRC, 2021]. Unlike PCBs and PBDEs, PFOA features not only a hy-
drophobic tail but also a hydrophilic part, enhancing its solubility in water. This characteristic
confers upon PFOA a surfactant nature, significantly distinguishing its behavior from highly
hydrophobic pollutants [ITRC, 2021].
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Figure 4: PFOA

In addition to the primary properties of PFOA, we delve into those most pertinent for mod-
eling purposes. Firstly, the hydrophobic head of PFOA facilitates its accumulation on OM in a
manner akin to PCBs and PBDEs [Fagbayigbo et al., 2021]. However, the other acidic head of
this pollutant dissociates in the aquatic environment, enhancing its water solubility compared
to PCBs and PBDEs [Fagbayigbo et al., 2021, ITRC, 2021]. This process significantly influences
the diffusive atmospheric exchange of PFOA—once dissociated, it tends to remain in the aquatic
phase rather than being released back into the atmosphere even under higher dissolved concen-
trations [ITRC, 2021].

The surfactant nature of PFOA defines several other crucial properties and behavioral pat-
terns. Surfactants exhibit an affinity for accumulating at the interface between two fluids, a
condition commonly found at the boundary between water and air in natural marine environ-
ments [ITRC, 2021, ITRC, 2020]. On one hand, this characteristic augments the concentration
of PFOA in the near-surface water layer [Sha et al., 2022]. On the other hand, this fraction of
PFOA is more susceptible to the effects of breaking waves [ITRC, 2021, Johansson et al., 2019].
Pollutants residing in the near-surface water layer can be readily removed through processes like
sea salt aerosol and droplet formation [Sha et al., 2022, McMurdo et al., 2008, Johansson et al.,
2019].

Another significant property of PFOA is its capacity to form micelles [ITRC, 2021]. When
PFOA reaches a sufficient concentration, known as the micelle formation concentration (MFC),
the molecules aggregate with their hydrophilic heads outward and hydrophobic heads inward
(Figure 5). Consequently, this phenomenon enhances their solubility in water [ITRC, 2021].
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Figure 5: Micelle formation of PFOA in aquatic environment: in the water column under MFC
and in the border between two fluids (air-water)

Like other POPs, PFOA is subject to solar radiation. Under this process, the hydropho-
bic fluorine-enriched head is degraded, leading to the transformation of PFOA into other sub-
stances.

2.2 Chemical processes

PCBs and PBDEs are hydrophobic POPs and share similar mechanisms of chemical trans-
formation within environmental matrices. Conversely, PFAS function as surfactants, and their
chemical properties dictate distinct behaviors in the marine environment compared to the other
two classes of pollutants. Initially, we will examine the chemical processes common to PCBs and
PBDEs.

This chapter serves to encapsulate and provide an overview of the chemical and biological
processes pertinent to each of the selected pollutants, aiming to construct a clear depiction of
their differences and similarities. It furnishes essential insights for comprehending the varied
fates of different POPs in the marine environment, facilitating estimations of distribution pat-
tern hotspots and elucidating their interactions with biota.

2.2.1 Photolytical processes

The persistent nature of POPs determines their long half-life and tendency to accumulate
over time in various matrices, including sediment, water and living organisms. Nonetheless, two
prominent factors shape the fate of these pollutants in the environment: sunlight and bacte-
rial activity. These elements enable POPs to undergo transformations under specific conditions,
gradually leading to their degradation over time. It’s important to emphasize that these "degra-
dation pathways" do not unfold rapidly; instead, they facilitate the gradual removal of pollutants
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from the environment.

This chapter aims to delve into the influence of sunlight on POPs, particularly examining
photolytic processes. Generally, most POP classes are impacted by the UV-B segment of the
irradiation spectrum. When exposed to light within the range of 100-300 nm [Schwarzenbach
et al., 2016, Eriksson et al., 2004, Pagni and Sigman, 1999, Wong and Wong, 2006, Pan et al.,
2016, Zhao et al., 2015, Roszko et al., 2015, Giri et al., 2011], POPs absorb photon energy, lead-
ing to excitation and triggering various processes [Schwarzenbach et al., 2016, Calza and Vione,
2015]. These processes can vary among pollutant classes, their congeners, and the wavelengths
emitted. Even persistent inert POP molecules can undergo transformation into other substances,
contingent upon their congener structure and the surrounding water conditions.

In aquatic environments, photolysis unfolds through two primary pathways: direct and in-
direct [Schwarzenbach et al., 2016]. Direct photolysis involves photons directly exciting pollu-
tant molecules. However, this pathway is subject to several limiting factors, including water
extinction, irradiation intensity, pollutant concentration, and the quantum yield of each step
[Schwarzenbach et al., 2016].

Indirect photolysis constitutes a multifaceted process wherein photon energy is transferred
to other constituents within the system rather than directly to the pollutant molecule [Schwarzen-
bach et al., 2016]. In the aqueous environment, the primary species involved in indirect pho-
tolysis include dissolved organic matter (DOM), NO3, and NO2 (hereafter referred to as ES -
excited states) [Schwarzenbach et al., 2016, Bodrato and Vione, 2013]. Notably, indirect photol-
ysis can generate radicals, which are atoms, molecules, or ions possessing at least one unpaired
valence electron, within the aquatic environment. In the water column, transient species such
as OH ., CO−.

3 , 1O2, and the triplet states of chromophoric dissolved organic matter, 3C DOM ∗,
are present, playing a crucial role in the energy transfer of photoreactive species [Bodrato and
Vione, 2013].

The energy received can either be transferred to pollutants or quenched by other biogeo-
chemical species [Schwarzenbach et al., 2016]. Although the quenching process diminishes a
considerable portion of the energy transmitted to POPs from ES, overall, this process holds sig-
nificant importance [Bodrato and Vione, 2013, Schwarzenbach et al., 2016]. Firstly, the total
concentration of ES surpasses that of POPs, resulting in a greater accumulation of photolytic
fluxes within the system. Secondly, in heavily turbid waters where direct photolysis is improba-
ble, the utilization of ES can still facilitate the transformation of POPs through indirect photol-
ysis [Schwarzenbach et al., 2016].

When an POP molecule becomes excited, it can undergo various transformations. The di-
rection of the photolytic reaction is influenced by the structural characteristics of each congener
[Pagni and Sigman, 1999, Eriksson et al., 2004, Schwarzenbach et al., 2016]. Each specific con-
gener within each class has a different molar attenuation coefficient (ε), which measures how
strongly a chemical species absorbs and attenuates light at a given wavelength. As a general pat-
tern, highly substituted pollutants from the PCB and PBDE classes are more likely to absorb more
energy and undergo further changes in their chemical structure [Eriksson et al., 2004, Wong and

26



Wong, 2006].

The detailed description of the implemented processes concerning photolytic transforma-
tions is presented in Section 3.5.2. The current section focuses on various pathways of chemical
transformation and the resulting compounds.

1. Dechlorination/debromination:

The initial photolytic transformation observed in POPs involves sequential dehalogena-
tion, a process evident in both PCBs [Pagni and Sigman, 1999, Wong and Wong, 2006] and
PBDEs [Eriksson et al., 2004, Pan et al., 2016]. When higher substituted congeners absorb
UV light, they enter an excited state (as depicted in Figure 6). The absorbed energy subse-
quently breaks the weakest halogen bonds within the structure, leading to the dispersion
of residual energy throughout the phenyl structure. This results in the creation of a radical
molecule with an unpaired valence electron on the carbon atom, capable of further halo-
gen loss until it attains a stable congener form. Following a series of such transformations,
PCB153 (HSC) is transformed into PCB28 (LSC) as outlined in [Wong and Wong, 2006].
The LSC molecule exhibits a lower propensity for photon absorption, with its quantum
yield of dechlorination being insignificant, rendering it relatively unaffected by solar ir-
radiation.

A similar transformational pathway is observed in the conversion of PBDEs [Eriksson
et al., 2004, Wong and Wong, 2006]. Research by Pan et al [Pan et al., 2016] has established
that HSC BDE209 undergoes conversion into LSC BDE47 through a comparable series of
transformations (as illustrated in Figure 6). Consequently, the concentration of HSC de-
creases while the abundance of LSC in the system increases, both in the cases of PCBs and
PBDEs. In the current study, photolytic dehalogenation contributes to the rising concen-
trations of LSC PCB28 and BDE47.
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Figure 6: Main pathways of direct photolysis for PBDE (A) and PCB (B) in dissolves phase. An
example of BDE209 chemical transformations in surface waters.

2. Hydroxylation:

Hydroxylation, the second type of photolytic reaction, is observed in both PCB and PBDE
pollutants [Zhao et al., 2015, Tehrani and Van Aken, 2014]. This process initiates with a
similar excitation and radical formation as seen in the previous stage. However, the pres-
ence of hydroxyl radical OH is necessary, which is generated through indirect photolysis.
Subsequently, in the ensuing phase of the reaction, both the molecule and hydroxyl radi-
cals combine to produce a new category of pollutant - PCB-OH and PBDE-OH.

In the final product, the halogen atom positioned in the ortho-position to the carbon-
oxygen bond is substituted by a hydroxyl group OH (refer to Figure 6). Although the
concentration of the product is relatively low, its presence in the aquatic environment is
crucial to acknowledge. These new products demonstrate high bioconcentration factors
(BCF) and low LC50 values. Notably, PBDE-OH significantly impacts the development of
early-stage larvae, leading to a considerable decrease in hatching, as evidenced in studies
involving zebrafish [Usenko et al., 2012]. Additionally, it is important to highlight that
these pollutants have never been industrially manufactured; their presence in aquatic en-
vironments solely arises from photolytic hydroxylation.

Consequently, PCB-OH and PBDE-OH are obtained as derivative products from this re-
action. Both are included as side products in the current research.
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3. Cyclisation:

Another potential pathway for phototransformation involves the production of furans.
The chemical structure of PBDE exhibits greater flexibility compared to PCB due to the
presence of an oxygen atom linking two phenyl rings [Wang et al., 2018]. This flexibility
allows for the inclusion of larger bromine atoms in PBDE’s structure, unlike the smaller
chlorine atoms found in PCB [Wang et al., 2018, Rayne et al., 2006]. However, this flexi-
bility also results in a wider range of possible products of photolysis [Eriksson et al., 2004].

In this process, a PBDE molecule in its radical form can detach another bromine in the
ortho position close to the radical formation, leading to the formation of another cycle
(refer to Figure 6). Although the quantum yield for this process tends to be low, similar to
the previous case [Eriksson et al., 2004], the toxicity and bioconcentration factors (BCF)
of furans exceed those of the parent pollutant as well as PBDE-OH [Fernandes and Fa-
landysz, 2020].

2.2.2 Photolysis of PFAS

PFAS, often dubbed "forever chemicals", are notorious for their extreme persistence in the en-
vironment. Few processes have demonstrated the ability to degrade or transform them. However,
recent research suggests that, like PCBs and PBDEs, PFAS can undergo changes when exposed
to UV light. Presently, there are two primary phototransformation pathways identified for PFAS.

One potential degradation pathway for PFOA, known as photolytic chain shortening, has
been observed [Giri et al., 2011], [Xin et al., 2023]. This process predominantly occurs in the
atmosphere but can also manifest in aquatic environments, albeit with a lower quantum yield.
Through this pathway, the parent pollutant transforms into another PFAS compound with a
shorter carbon chain. Additionally, PFOA can undergo defluorination, losing fluorine atoms
from its structure under UV irradiation [Xin et al., 2023]. For PFOA, the ratio of these two re-
actions is approximately 50/50. In both cases, the concentration of the parent PFOA decreases
in its original environment.

In this study, the transformation of PFOA is conceptualized as degradation without the pro-
duction of daughter pollutants. This approach is adopted due to the complexity of simulating
the specific pathways involved. Particularly relevant is the presence of iron, which plays a cru-
cial role in simulating Fenton reactions [Schlesinger et al., 2022], leading to the production of
hydroxyl radicals (OH•). These reactions significantly influence the direction of the photolytic
degradation of PFOA. As a result, in this study, PFOA is impacted by UV irradiation, leading
to a decrease in its concentration.

2.3 Biological degradation
As mentioned above, the interactions between POPs and living organisms are extremely

complex and depend on a wide range of parameters. Biological degradation is no exception. This
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process depends not only on the structure of the pollutant, but is also strongly determined by
the type of bacterial community and the chemical composition of the environment, in particular
the oxygen content [Borja et al., 2005]. In the presence of oxygen, some microbial communities
are able to break the structure of POP molecules (oxidative degradation) [Schwarzenbach et al.,
2016, Alava et al., 2018, Borja et al., 2005]. This process is controlled not only by the class of
aerobic bacteria but also by the stereochemical structure of the POP molecule and its affinity for
the exact type of enzyme [Borja et al., 2005]. Boyle et al. show in their study that for most aerobic
bacteria the oxidative ring cleavage mechanism (ORCM) takes place [Boyle et al., 1992]. In this
case, PCB degradation by the bphA enzyme is only possible if the PCB has no substitutional
chlorine in both ortho and meta positions on the same side of a ring (e.g. PCB28) (Figure 7).

Figure 7: Availability of different PCBs chemical structure for aerobic biodegradation.

This means that aerobic bacterial degradation will have an effect on the concentration of such
PCB congeners as PCB28. However, the congener PCB153 chosen for the current simulations does
not have a suitable structure for this process and aerobic biodegradation is not applicable in this
case. However, in more recent study, Zhang and colleagues demonstrated that the cyanobac-
terium Anabaena PD-1 can degrade PCB153, at a lesser extent compared to PCB28 [Zhang et al.,
2015]. Hence, the model incorporates biological degradation for all POPs, with higher extent for
LSCs.

At the same time, there is another process of biological transformation in the marine envi-
ronment. This process can be called biological dehalogination rather than degradation. Without
the presence of oxygen, other microbial communities can also degrade PCBs, although by the
completely different mechanism of reductive dechlorination [Borja et al., 2005]:

R−Cl+ 2 e− +H+ −−→ R−H+Cl− (1)

In this case, PCBs are transformed into a lower chlorinated pollutant, but remain in the
environment. This pathway occurs mainly under anaerobic conditions, such as in sediments or
hypoxic waters [Borja et al., 2005].
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2.4 Research questions
Pollutants in aquatic environments have a profound impact on every level of the ecosys-

tem, from phytoplankton to humans, causing irreversible damage. Anthropogenic activities con-
tribute significantly to the accumulation of toxic pollutants, affecting not only water bodies but
also other environmental matrices such as air and soil. In coastal areas, the constant interaction
between these matrices facilitates the exchange, leakage, and deposition of pollutants within the
water column. Furthermore, the high biological productivity and nutrient-rich conditions in
coastal regions make these areas particularly susceptible to pollutant exposure.

The objective of this study is to develop a model designed to simulate the specific behav-
ior of various POPs in coastal marine environments. The model introduced in this research
can simulate the fate of several selected POPs within the marine ecosystem. It incorporates the
hydrophysical properties of the chosen regions as well as the chemical and biogeochemical trans-
formations of each pollutant. A significant feature of this model is its adaptability, allowing it
to be integrated with any other hydrodynamic and biogeochemical host model.

Given that this model accounts for the major processes and transformations specific to each
class of pollutants and their congeners, it was used as a tool to address three research questions.
Recognizing the high complexity of the topic, we structured the research questions in a sequence
that progressively increases in complexity, starting with more basic scenarios and advancing to
most complex ones.

1. How the specific chemical properties of each pollutant influence their distribution along the water
column?

POPs include chemical classes with hundreds of individual congeners, each exhibiting
unique physicochemical properties. This study investigates how these properties influ-
ence the environmental fate of POPs. To isolate the effects of these properties from other
factors influencing pollutant behavior in the water column, simulations were conducted
under consistent conditions in the Gotland Basin of the Baltic Sea. This deep basin fea-
tures detritus that absorbs POPs, removing a portion of these pollutants from the surface
layer affected by atmospheric exchange and biological production. This setup allows for
a focused examination of the differences in desorption processes from detritus and DOM
that remain in the surface mixed layer. Additionally, the accumulation of POPs in the
sediments provides insight into the distinct patterns of pollutant accumulation within
the sediment pool.

As first research question, I examine the differences in behavior and accumulation patterns
of five POPs from three distinct classes. Under identical conditions and with equal initial
concentrations, each of the five pollutants exhibits unique speciation, resulting in distinct
distributions between aquatic phases (dissolved, bound with DOM or sorbed on detritus).
These differences lead to variations not only in spatial distribution but also in the seasonal
hotspots of each POP.

2. To what extent do the hydrodynamic conditions of the selected region impact the fate of various
classes of persistent organic pollutants (POPs)?
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POPs are mostly emitted in populated areas from where they undergo LRT that leads to
their global distribution. The coastal oceans are an important entry point of newly emit-
ted POPs into the global cylce. A crucial parameter influencing the fate of POPs in coastal
areas are hydrodynamic and biogeochemical processes. To address the research question
on the fate of POPs in coastal oceans, we examined four locations in the North and Baltic
Seas, each possessing distinct hydrodynamic characteristics.

Turbulent regimes and stratification can affect not only the physical mixing of pollutants
but also the production of organic matter. This process is essential in understanding the
fate of POPs, due to their high affinity for accumulation on both detritus and DOM. In
regions impacted by sea ice formation, the presence of sea ice not only reduces organic mat-
ter production within the system but also restricts the exchange of pollutants between the
water and the atmosphere. Finally, in the North Sea, we will consider all the aforemen-
tioned factors as well as the influence of tides, which can dramatically affect the entire
ecosystem’s behavior, including the distribution and accumulation of POPs.

3. How does a change in nitrate concentration influence the fate of POPs in the aquatic environ-
ment?

The investigated coastal oceans have been and are subject to heavy eutrophication, strongly
impacting the biological activity in these regions. Thus, as third research question, we in-
vestigate the impact of nitrate (NO−3 ) concentrations on biological production and the
pathways of photolytic transformations of POPs. For this, we simulate the fate of POPs
in the North and Baltic Seas under enhanced nitrate loads.

Elevated nitrate levels can lead to a notable increase in biological production, which in
turn provides additional organic matter for the partitioning of POPs. Concurrently, ni-
trate plays a role in the indirect photolysis of POPs, potentially altering the photolytic
pathways for specific pollutants such as brominated diphenyl ethers (BDEs). However, an
increase in organic matter within the system also attenuates UV light in the water col-
umn, which is necessary for photolytic processes. These processes vary in intensity across
different hydrodynamic regions, and the specific properties of each POP influence their
preferred phase distribution under changing nitrate conditions. Consequently, these fac-
tors lead to differences in the concentrations of the five selected POPs between scenarios
with enhanced nitrate levels and those with regular nitrate concentrations.

This work is aimed to address each of this research questions separately in detail.
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3 Model description

3.1 General information
The model, introduced in this study, offers the capability to simulate the fate of several se-

lected POPs in marine environments. It not only considers the hydrophysical properties of a
given region but also incorporates the chemical-biogeochemical transformations of each pollu-
tant. One of the key features of this model is its adaptability, as it can be implemented using any
other hydrodynamic and ecosystem model.

The findings presented in this study encompass simulations of five different pollutants from
three POP classes: two congeners from the PCB class, two congeners from the PBDE class, and
PFOA from the PFAS class (see Figure 8). Specifically, for the PCB and PBDE classes, we selected
one higher substituted congener (HSC) each - PCB153 and BDE209. These chemicals exhibit very
low water solubility and a high affinity for partitioning with organic matter. Moreover, they
demonstrate a propensity for photolytic dechlorination [Pagni and Sigman, 1999, Wong and
Wong, 2006] and are not readily available for aerobic bacterial degradation due to their struc-
tural characteristics. Alongside the HSCs, we simulated the fate of the lower substituted con-
geners (LSC) - PCB28 and BDE47. While these chemicals also possess low water solubility and a
high affinity for organic matter, they are considered relatively more stable for phototransforma-
tion but are susceptible to biological degradation.

Figure 8: All modeled POPs: a - BDE class; b - PCB class; c - PFAS class.

Furthermore, the HSCs undergo transformation into LSCs through the processes of pho-
tolytic dechlorination and debromination. Consequently, a reduction in HSC concentration
leads to an increase in LSC concentration within the water column.

The chosen PCBs are prevalent in the environment, and comprehensive data required for
simulations are readily accessible. Conversely, PBDEs pose a greater challenge for measurement
due to their complexity and expense, yet extensive research has been conducted on their chemi-
cal transformations in the environment [Roszko et al., 2015, Zhao et al., 2015, Pan et al., 2016].
For a detailed description of the selected pollutants, please refer to Section 2.
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PFOA has been selected as an exemplar of POPs with a distinct set of properties owing to
its unique structural characteristics. The rationale behind this selection has been extensively ex-
pounded upon in Section 2.

For this investigation, we utilize a coupled model system to simulate the transformation and
distribution of pollutants within a marine environment. As a primary driver, we employ the
1D hydrodynamic ocean model GOTM [Burchard et al., 1999, Umlauf et al., 2024] (detailed in
Section 3.2), in conjunction with the marine ecosystem model ECOSMO [Daewel and Schrum,
2013] (outlined in Section 3.3). The POPs chemistry module is integrated using the Framework
for Aquatic Biogeochemical Models (FABM) [Bruggeman and Bolding, 2014] (explained in Sec-
tions 3.4 and 3.5) (see Figure 9). This model system operates within 1D water column–sediment
setups, thus disregarding horizontal transport. The focus on 1D model setups allows us to iso-
late the primary structuring hydrodynamic (and consequent biogeochemical) first-order effects
on POPs transformation, thereby mitigating the influence of horizontal advection and spatial
differences in sources.

Figure 9: Overview of the couple model GOTM-ECOSMO-FABM with an emphasis on the flow
between the different model compartments of ECOSMO. HPOP - highly substituted congener
(PCB153, BDE209); LPOP - lower substituted congener (PCB28, BDE47). Dashed arrows represent
diffusive exchange.

The estimation of the local change in the state variable C for POPs relies on prognostic equa-
tions generalized in equation 2. These equations encompass transport-related terms, comprising
advection as the first term, turbulent mixing as the second term, and settling as the third term (as
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discussed in section 3.2). Advection and turbulent mixing are computed by the hydrodynamic
host model, GOTM, while POP settling is integrated into the POP module within the FABM
framework.

The transformation term Rc encompasses all chemical processes of the POP, including par-
titioning, chemical reactions, and photolysis (as detailed in Section 3.5).

δC
δt
= −
δwC
δz

+
δ

δz
((νt + ν)

δC
δz
)− (wd)

δC
δz
+ Rc (2)

ν, νt - molecular and turbulent diffusion coefficient;
wd - sinking velocity (1 m d−1).

At the boundaries, the intercompartmental fluxes of POPs between the atmosphere and
ocean at the surface, and between the ocean and sediment at the bottom, are computed within
the POP module and treated as boundary conditions (as discussed in Section 3.6). Detailed de-
scriptions of the transformation terms are provided in Section 3.5.

The presented POP model encompasses all pertinent processes necessary for determining
the environmental fate of each selected pollutant under various physical and ecological condi-
tions (refer to Figure 10). Within the water column, these processes include partitioning (Section
3.5.1), degradation, and chemical transformation (Sections 3.5.2 and 3.5.3). At the boundaries,
the model accounts for air-sea exchange and sea ice interaction (Section 3.6.1), as well as sed-
imentation and resuspension (Section 3.6.2). Pollutants resuspended from sediment and those
generated from HSCs are regarded as secondary sources of pollutants.

3.2 GOTM – The hydrodynamic host model
In this study, we opt to integrate the POP module with a one-dimensional water column

model known as GOTM, as discussed earlier [Umlauf et al., 2024]. This model is capable of
representing the relevant hydrodynamic and thermodynamic processes associated with vertical
turbulent mixing in a 1D model setup [Burchard et al., 1999].

GOTM calculates the vertical turbulent exchange by considering shear and buoyancy pro-
duction (as depicted in Equation 3) [Burchard et al., 1999, Umlauf et al., 2024].

δk
δt
−
δ

δz
(νt
δk
δz
) = P + B − ε (3)

k – turbulent kinetic energy;
νt – vertical turbulent diffusivity (eddy);
P – shear production;
B – buoyancy production;
ε – rate of dissipation.
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Horizontal advection is integrated by utilizing prescribed salinity and temperature profiles,
obtained either from real CTD data or from a three-dimensional hydrodynamic model. GOTM
aligns the vertical structure with these prescribed profiles at each time step by employing a re-
laxation time, denoted as τR(A), where τR(A) >,0 (as outlined in Equation 4). The salinity
and temperature profiles are sourced from World Ocean Atlas (WOA) data. Simulated profiles
undergo relaxation towards the prescribed profiles to accommodate for disregarded horizontal
advection and lateral sources. The salinity relaxation is implemented according to the following
equation (Equation 4):

δA
δt
=
δ

δz
((νt + ν)

δA
δz
)−

1
τR
(A− Am) (4)

νt , ν – turbulent and molecular diffusivities;
τR(A) – relaxation time scale;
A – calculated tracer distribution;
Am – prescribed tracer profile.

The water circulation dynamics in the North and Baltic Seas exhibit distinct time scales, ne-
cessitating adjusted relaxation times for the salinity (S) and temperature (T ) profiles to mimic
advection simulations by nudging the model towards observed S and T data. Salinity profiles
are integrated into the model with two distinct relaxation times: 86400 s for the North Sea and
432000 s for the Baltic Sea, as detailed in Table 1. Meanwhile, temperature profiles are incorpo-
rated without relaxation.

The vertical grid resolution encompasses both near-surface (du) and bottom (dl) layers. Con-
sequently, the thickness of the near-surface and bottom layers decreases by up to 10 cm.
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Table 1: GOTM Specification for current simulations (a,b,c,d – locations of setups on Figure
12)

Unit Value Comment

General

Turbulence model second-order model

TKE method dynamic equation (k-epsilon)

Bottom roughness (m) 0.03 The North and Baltic Seas

Spin-up (year) 10

Accumulation of pol-
lutants in sediment
reaches equilibrium in
10 years

Calculation time steps (s) 1800

Relaxation (Temperature) (s) - The North and Baltic Seas

Zooming factors (du and dl) - 1.5;1.0 The North and Baltic Seas

The North Sea

Number of layers (the North Sea) - 110; 63 The North Sea (c,d)

Relaxation (Salinity) (s) 86400 The North Sea

M2 Tidal Amplitude (m) 0.41; 0.7 The North Sea (c,d)

S2 Tidal Amplitude (m) 0.16; 0.25 The North Sea (c,d)

M2 Tidal Period (s) 44714 The North Sea

S2 Tidal Period (s) 43200 The North Sea

The Baltic Sea

Number of layers (the Baltic Sea) - 90; 125 The Baltic Sea (a,b)

Relaxation (Salinity) (s) 432000 The Baltic Sea

Given that the simulations were conducted in 1D, horizontal transport and movement were
disregarded. However, the vertical alterations of the sea surface elevation (SSE) during tidal
activity significantly impact the turbulence within the water column. Tides in the North Sea
play a crucial role in the turbulent dynamics of the system and are thus accounted for in our
study. To enhance the resolution of the modelled tides beyond the observations provided by the
TPXO9 atlas (1/30° resolution) [Egbert and Erofeeva, 2002], we have incorporated the two pri-
mary harmonics: the solar (S2) and lunar (M2) semi-diurnal tides. Comprehensive specifications
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of GOTM are outlined in Table 1. On the other hand, tides in the Baltic Sea are relatively minor,
and tidal turbulence is feeble; hence, tides are disregarded in the Baltic Sea setups.

3.3 ECOSMO

ECOSMO is a multicompartment complex biogeochemical numerical model that encom-
passes multiple compartments, including nutrients, phytoplankton, zooplankton, detritus (POM),
and dissolved organic matter (DOM) [Daewel and Schrum, 2013]. The model resolves nutrient
cycling and incorporates two key types of non-living organic matter, POM and DOM, which are
integral to the chemical module. Additionally, it incorporates five biological functional groups,
consisting of three phytoplankton and two zooplankton state variables (see Figure 9).

POM or detritus in marine environments encompasses various labile, non-living organic
particles. In ECOSMO, the source terms for POM include mortality components of phyto-
plankton and zooplankton (MORTBIO), which decrease POM concentration. POM concentra-
tion further decreases due to temperature-dependent remineralization (REMINPOM ) and feeding
by zooplankton (FEEDINGz−POM ) [Daewel and Schrum, 2013]. The concentration of POM in
ECOSMO is calculated based on following equation:

d[POM]
d t

= (1−αDOM)MORTBIO − REM INPOM − F EEDINGz−POM (5)

The processes mentioned above are considered for all species of plankton, including micro-
zooplankton, mesozooplankton, and three classes of phytoplankton (flagellates, diatoms, and
cyanobacteria) (see Figure 9) [Daewel and Schrum, 2013].

DOM represents the concentration of all types of labile dissolved organic matter. The DOM
pool increases due to phytoplankton and zooplankton mortality and decreases as a result of rem-
ineralization [Daewel and Schrum, 2013]:

d[DOM]
d t

= αDOM MORTBIO − REM INDOM (6)

3.4 Model coupling, initial and boundary conditions

The hydrodynamic module (GOTM), biogeochemical module (ECOSMO), and chemical
module (POP model) are interconnected through FABM. FABM enables the smooth integra-
tion of biogeochemical processes, regardless of the hydrodynamic host model. Moreover, FABM
facilitates the transfer of state variables between the host model and any number of client models.
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Figure 10: Main processes of PCB153 transformation in current model. Arrows: green – input;
yellow – phase transformation; blue - diffusive exchange; red – removing of pollutants from the
system.

All processes implemented in FABM (Figure 10) are categorized as either external or inter-
nal. External processes involve interactions with the atmosphere, sediment, and related compart-
ments (such as atmospheric PCB concentrations, ice concentration, and wind speed). Internal
processes account for transformations of POPs within the water column, including the kinetic
sorption of each pollutant onto organic matter (both DOM and POM) and degradation processes
(photolytic and biological). Ultimately, these processes collectively determine the concentration
of POPs in the dissolved phase (POP f ree). As a result, our model is capable of pinpointing areas
with heightened concentrations of POPs and capturing the seasonal variations in these regions.
This capability is crucial because it identifies locations where organisms are at an increased risk
of absorbing these harmful pollutants.

The initial conditions for each simulated pollutant in the water column are initialized as zero
(POP f ree, POPDOM , and POPPOM ), and the model is allowed to run until establish an equilib-
rium.

For PFOA, the model incorporates a process involving surface layer formation and exchange
between seas salt aerosols (SSA) and PFOA f ree fractions (Figure 11).
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Figure 11: Extra processes of PFOA implemented to the model.

3.5 Chemical model

3.5.1 Particle partitioning (kinetic sorption)

The inherent chemical structure of hydrophobic POPs predisposes them to exhibit a stronger
attraction towards organic carbon matrices in comparison to water. When organic matter is
present, these pollutants have an affinty to accumulate on it rather than staying dissolved. In the
model, this phenomenon is accounted for through a simplified partitioning mechanism that con-
siders only non-living organic matter (DOM and POM). Sorption to living matrices is neglected
in this context, as it involves complex biological processes including accumulation, concentra-
tion, and magnification, which fall outside the scope of the present research.

The sorption of POPs onto organic matter is typically quantified by the organic carbon-
water partitioning coefficient, Koc . This coefficient is intricately linked to the chemical makeup
of both the pollutants and the absorbing matrix [ChemSpider, 2024, Mackay et al., 2006, Zhou
et al., 2005]. Determining Koc entails detailed knowledge of the chemical composition of each
involved compartment, rendering it a challenging task for modeling purposes. However, linear
free energy relationships (LFERs) offer a solution by allowing the estimation of Koc based on the
octanol-water coefficient, Kow. Kow measurements are relatively more straightforward to obtain
and are available for various pollutants in scientific literature [ChemSpider, 2024, Schwarzen-
bach et al., 2016, Zhou et al., 2005]. For different PCB congeners, logKow ranges from 4.46 (CB1)
to 8.18 (PCB209) [ChemSpider, 2024], a spectrum that significantly influences their partitioning
affinity.
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In this study, instead of relying on an equilibrium coefficient (Koc), we employ the concept of
sorption rates (ksorp and kdesorp). The concentration of pollutants bound to particulate organic
matter (POPPOM ) is calculated using the following equation (Equation 7):

(7)
d[POPPOM]

d t
= −(kdesorp1 + krem1)[POPPOM]− (kbur + ksed)[POPPOM]

+ ksorp1[POM][POPf ree] + kresusp[POPsed]

Parameters for kinetic sorption (ksorp1) are derived from Koc and kdesorp1, following the
method described by Noort et al. and Jonker & Smedes [Jonker and Smedes, 2000, van Noort
et al., 2003], or taken from sources [Yan et al., 2016, Fagbayigbo et al., 2021] (refer to Table 2).
The rate constants for desorption (kdesorp1) are sourced from [van Noort et al., 2003] as slow des-
orption constants, or estimated from sorption constants (if sorption rates were availible, instead
of desorption).

Table 2: Rate constants describing process of PCB153 sorption on organic matrices.

PCB153 PCB28 BDE209 BDE47 PFOA

POM 0.01064 2 0.0095 1 2 0.012 1 3 0.00863 0.0024 4

DOM 0.007 1 0.015 1 0.008 1 0.015 1 0.0026 1

1Estimated
2 Calculated from Van Noort et al. [van Noort et al., 2003]
3 Calculated or estimated from Yan et al. [Yan et al., 2016]
4 Calculated from Fagbayigbo et al. [Fagbayigbo et al., 2021]

krem1(T) dictates the process of detritus remineralization, enabling POPs bound to POM
to be released back into dissolved form. This parameter is computed in ECOSMO using the
following Equation 8 [Daewel and Schrum, 2013]:

krem1 = 2 · 10−8(1+ 20(
T 2

132 + T 2
)) (8)

Another type of organic matter that serves as a reservoir for pollutants in this model system
is DOM. Due to the challenges associated with measuring this phase, limited studies on the in-
teractions of POPs with DOM are available in the literature [Lechtenfeld, 2012, Hemond and
Fechner, 2015, Kos Durjava et al., 2007, Mackay et al., 2006, Schwarzenbach et al., 2016]. DOM
particles are significantly smaller in size compared to POM, resulting in a larger reactive surface
area [Pan et al., 2016]. Consequently, DOM serves as an efficient matrix for the absorption of
hydrophobic pollutants.

The processes governing sorption to DOM mirror those for POM, albeit at different rates:
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d[POPDOM]
d t

= −kdesorp2[POPDOM] + ksorp2[DOM][POPf ree]− krem2[POPDOM] (9)

However, in the model, DOM is generated through the life cycle of biota, remains in a float-
ing state, and does not accumulate in sediment. As a result, there is no direct exchange between
the compartment of POPDOM concentration and the sediment storage of pollutants, explaining
the absence of the last component in Equation 9.

The parameters ksorp and kdesorp utilized in this context were either directly sourced or de-
rived from existing literature on DOM-related processes [Schwarzenbach et al., 2016, Hemond
and Fechner, 2015, Zhou et al., 2005, Jonker and Smedes, 2000, Lechtenfeld, 2012, Kos Durjava
et al., 2007, Pan et al., 2016], as outlined in Table 2.

krem2, representing DOM remineralization, is computed within ECOSMO and is temperature-
dependent [Daewel and Schrum, 2013]:

krem2 = 2 · 10−7(1+ 20(
T 2

132 + T 2
)) (10)

3.5.2 Photolytic degradation

The chemical composition of each congener within the PCB and PBDE classes plays a cru-
cial role in determining their susceptibility to photochemical alterations. PCBs and PBDEs with
higher degrees of chlorination or a planar configuration of phenyl rings are more likely to di-
rectly absorb UV light [Pagni and Sigman, 1999, Wong and Wong, 2006]. For instance, PCB153,
containing 6 chlorine atoms, is particularly prone to photolytic processes.

The intricate nature of photochemical transformation processes and the relative importance
of specific photolytic degradation pathways remain topics of ongoing debate within the scien-
tific community [Pan et al., 2016, Zhao et al., 2015, Calza and Vione, 2015, Roszko et al., 2015].

During direct photolysis, photons directly transfer energy to the POP molecule, initiating
a stepwise process of dechlorination [Pagni and Sigman, 1999]. This process systematically re-
moves halogen atoms at each stage, leading to the transformation of PCBs and BDEs with higher
degrees of chlorination into those with fewer chlorination levels due to photon attacks. Wong
and Wong [Wong and Wong, 2006, Roszko et al., 2015] demonstrated that the pattern of pho-
tolytic dehalogination remains consistent across each step, albeit with varying quantum yields.
As higher chlorinated congeners, like PCB153 and BDE209, undergo degradation, LSCs such as
PCB28 and BDE47, become more prevalent. It’s worth noting that while Wong and Wong’s exper-
iment was conducted in alcohol solvents, in an aqueous environment, hydroxybiphenyls (PCB-
OH) can form from PCBs [Pagni and Sigman, 1999]. However, because of the limited availability
of data, our study concentrates exclusively on the degradation of the initial POPs, considering
only the degradation product BDE-OH and not PCB-OH.
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In this study, we utilize a hybrid approach, incorporating methodologies proposed by Schwarzen-
bach [Schwarzenbach et al., 2016] and Vione [Calza and Vione, 2015] for direct photolysis analy-
sis. We derive a parameter for the kinetic rate of degradation of the targeted POP by considering
factors such as photon flux (FPOP) and the quantum yield of the reaction (Q).

kphoto =Q · FPOP (11)

The photon flux absorbed by a pollutant is calculated from the irradiance across various
wavelengths within the UV spectrum (Equation 12):

FPOP = EQF · [
ε(λ)[POPf ree]

EX TTOT
] (12)

EQF – photon flux [µmol/(m2s) = µE];
ε – extinction coefficient for specific POP [m2/mol];
EX TTOT – total extinction, includes marine water, DOM, detritus and phytoplankton [m2/mol].

where EQF represents photon flux (in µmol/(m2s)), calculated according to equation 13:

EQF =
Np

NA · 10−6
=

I[Js−1m−2] ·λ · 10−9[ms]
h[Js] · c[ms−1] · L[mol−1] · 10−6

= λI0.836 · 10−2[µmolm−2s−1] (13)

Np – the number of photons per second and surface unit [m−2 s−1];
λ – wavelength [nm];
I – sunlight irradiance in UV range of spectrum [W m−2];
h – Plank constant [J s];
c – speed of light [m s−1];
L – Avogadro number = 6.022 · 1023 [mol−1].

The relevant fraction of available UV irradiance is computed to account for light penetra-
tion into the water column, which diminishes with increasing depth. This calculation employs
5nm wavelength bins to facilitate the incorporation of wavelength-dependent attenuation coef-
ficients.

The extinction coefficients (ε) of different pollutants tend to vary and are typically depen-
dent on wavelength. Unfortunately, there is limited research available to determine these mea-
surements for individual substances in aqueous solutions. To address this challenge, our study
incorporates distinct ε values for each of the five pollutants under investigation. For PBDEs, we
adopt values that are dependent on wavelength as outlined in [Eriksson et al., 2004]. However,
due to the scarcity of data regarding the extinction coefficients of PCBs and PFOA, our simula-
tions for these pollutants feature a wavelength-independent ε parameter. Nonetheless, it’s worth
noting that this model is designed to be adaptable to various hydrophobic POPs. Implementa-
tion of photolysis with extinction coefficients dependent on wavelength can be realized with the
necessary data.
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The photon flux not only affects POP molecules directly but can also impact other particles
in the water column, exciting them and providing energy. These particles then become a new
energy source that can be transferred to the POP molecule, a phenomenon known as indirect
photolysis [Schwarzenbach et al., 2016]. This process is more complex than direct photolysis and
requires additional research and data from the scientific community to be fully understood and
implemented.

In our investigation, we have introduced the approach of Bodrato & Vione [Bodrato and
Vione, 2013] to incorporate the indirect method of OH . radical formation in surface water, along-
side direct photolysis. The formation of OH . radicals resulting from NO−3 and DOM excitation
processes was implemented based on the relevant compartments of ECOSMO. The photon flux
for each of these processes was determined using the following equations:

PNO−3 = 10d−1

∫

λ

ptot(λ) · 100 · εNO−3
(λ) · [NO−3 ][Atot(λ)]

−1dλ (14)

PDOM = 10d−1

∫

λ

ptot(λ) · ADOM(λ) · [Atot(λ)]
−1dλ (15)

The formation rate of OH . radicals by photoactive specie DOM has been determined through
Equation 16.

RDOM
·OH = 3.0 · 10−5 · PDOM (16)

and for NO−3 through Equation 17:

R
NO−3
·OH = 4.3 · 10−2 ·

[IC] + 0.0075
2.25[IC] + 0.0075

· PNO−3 (17)

Here the total OH . formation rate is presented as the sum of the two equations above.

Rtot
·OH = R

NO−3
·OH + RDOM

·OH (18)

Freshly formed OH . radicals can react with both surface water pollutants and scavengers. In
the natural water environment, the scavenging rate constant of OH . by present scavengers is:

∑

i

kSi[Si] = 5 ·104[N POC]+8.5 ·106[HCO−3 ]+3.9 ·108[CO2−
3 ]+1.0 ·1010[NO−2 ] (19)

∑

i kSi[Si] – scavenging rate constant, presented as a sum of all scavengers in the aquatic system
;
[N POC] – Non-Purgeable Organic Carbon (in case of ECOSMO is considered to be total or-
ganic carbon content);
[HCO−3 ] – concentration of bicarbonate anion ;
[CO2−

3 ] – concentration of carbonate anion;
[NO−2 ] – concentration of nitrite anion.
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As a result, the reaction rate between POP and OH radical was calculated using the following
expression:

k·OH
POP = Rtot

·OH

k·OH · [POPf ree]

k·OH · [POPf ree] +
∑

i kSi[Si]
(20)

The generated OH . radicals react with POPs and depending on the quantum yield of the reac-
tion and environmental conditions, either a dehalogenation or hydroxylation product is formed.

3.5.3 Biological degradation

Incorporating biological degradation into the model necessitates not only data on various
bacterial communities and their concentrations in the water column, but also insights into the
bioavailability of POPs. However, the specific mechanisms governing these processes remain hy-
pothetical, as the kinetic and thermodynamic parameters are yet to be determined. Moreover,
the current version of the ECOSMO biogeochemical model does not explicitly account for bac-
terial communities, requiring simplifications in the model implementation.

To address these challenges, we have introduced a generalized process of biodegradation,
devoid of specificity regarding bacterial communities. Instead, we parameterize this process
based on remineralization rates (Equation 21):

kbio = KBIO(2 · 10−8(1+ 20(
T 2

132 + T 2
))(10[DOM] + [POM])) (21)

T - temperature [K];
KBIO - parameterisation coefficient [-].

Finally, a biological degradation rate in sediments is implemented as a constant for all POPs
and equal to 3.935 * 10−10 s−1 [Davis, 2004] (Table 4).

3.5.4 Freely dissolved POPs

All POPs not bound to organic matter exist in a freely dissolved state within the water col-
umn, denoted as POP f ree (Equation 22). The concentration of POPs in this phase is influenced
by a all relevant processes, including sorption-desorption and remineralization from non-living
organic matter, as well as photolytic and biological degradation. Furthermore, the concentration
of POP f ree undergoes continual changes due to atmospheric influx (first term) and diffusive ex-
change with the sediment (last two terms).

d[HPOPf ree]

d t
= +

Fd

dz
− (ksorp1[POM] + ksorp2[DOM])[HPOPf ree]

+ (kdesorp1 + krem1)[HPOPPOM] + (kdesorp2 + krem2)[HPOPDOM]

− (kphoto + k·OH
POP + kbio)[HPOPf ree]− kdi f f 2[HPOPf ree]+ kdi f f 1[HPOPsed]

(22)
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(23)

d[LPOPf ree]

d t
= +

Fd

dz
− (ksorp1[POM] + ksorp2[DOM])[LPOPf ree]

+ (kdesorp1 + krem1)[LPOPPOM] + (kdesorp2 + krem2)[LPOPDOM]
+ kphoto[LPOPf ree]− (k·OH

POP + kbio)[LPOPf ree]
− kdi f f 2[LPOPf ree] + kdi f f 1[LPOPsed]

(24)
d[OH − POPf ree]

d t
= +

Fd

dz
+ (k·OH

POP([LPOPf ree] +HPOPf ree)

HPOP - higher substituted congener (PCB153, BDE209) or PFOA;
LPOP - lower substituted congener (PCB28, BDE47);
OH − POP - derivative hydroxylated POP (BDE47-OH);
Fd/dz – atmospheric flux of pollutants (detailed description is below (Section 2.6.1));
kdi f f (1,2) – rates of PCB153 diffusive exchange with dissolved in water pollutants (detailed de-
scription is below (Section 2.6.2)).

The fraction of POP f ree is particularly significant because it is highly susceptible to degra-
dation processes such as photolysis and biodegradation. Additionally, it is more prone to bioac-
cumulation compared to POPs bound to organic matter.

3.6 Boundary forcing and external processes
3.6.1 Air-sea exchange

Since horizontal transport is not included in the model, the exchange of POPs with the
atmosphere stands as the sole source of these contaminants in the water column. Our model
accounts for both diffusive exchange with the atmosphere and the deposition of particulate pol-
lutants. Deposition involves the influx of POPs onto insoluble particles like elemental carbon
and organic aerosols. Upon reaching the surface waters, these contaminants augment the pool of
POP f ree. The atmospheric concentration and deposition fields utilized in our model are sourced
from the EMEP database [EMEP, 2024] and other publications [Degrendele et al., 2018, Paragot
et al., 2020].

The influx of POPs from the atmosphere is influenced by various factors beyond just at-
mospheric concentrations and deposition. Ice cover, surface wind speed, temperature, and the
dissolved POP f ree fraction all play crucial roles in shaping this process. In case of PFOA, this
list is extended by salinity of surface water layer.

The net direction of the air-sea flux for hydrophobic substances such as POPs depends on
the concentration gradient between the liquid and gaseous phases. To determine the net dif-
fusive flux (Fd) of hydrophobic substances like POPs between air and water, we adopt a mixed
approach proposed by Friedmann and Selin [Friedman and Selin, 2016] and Odabasi [Odabasi,
2008]. This method relies on factors such as the Henry constant, the mass transfer coefficient,
and the concentrations in both air and water (Equation 25).
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d[Catm]
d t

= Fd =
(Ca

H − [POPf ree])
1
kw
+ 1
(Hka)

=
(Ca − [POPf ree]H)

1
(kwH) +

1
ka

(25)

ka – mass transfer coefficient in air [m/s];
Kw – mass transfer coefficient in water [m/s];
Ca – POP concentration in air [pg/m3];
POPf ree – POP concentration in water [pg/m3].

Here H is the temperature dependent constant for POP according to Henry’s law. This pa-
rameter is implemented in the model by the equation 26 (Table 3):

H = ex p(
−∆H
RT

+
∆S
R
) (26)

∆H – enthalpy of dissolution [J mol−1];
∆S – entropy of dissolution [ J mol−1 K−1];
R – gas constant [J K−1 mol−1];
T – temperature [K].

Following the Odabasi concept, these parameters were calculated based on wind speed and
specific diffusivity. The wind speed data for the current simulations are taken from the ECMWF
ERA5 dataset (0.25°/hour resolution).

kw = [
(0.24u2

10 + 0.061u10)

3600
][

Dwi

DwCO2

] (27)

ka = [0.2u10 + 0.3][
Dai

DaH2O
] (28)

u10 – wind speed at 10 m above a water [m/s];
Dwi and Dai – diffusivities of POP in the air and water [cm2/s];
DwCO2

– CO2 diffusivities in the water [cm2/s];
DaH2O – H2O diffusivities in the air [cm2/s].
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Table 3: Parameters, used in calculations of air-water exchange

Parameter (units) BDE209 BDE47 PCB153 PCB28 PFOA Source

MWair (g/mol) 28.97 28.97 28.97 28.97 28.97 Calculated

MWPOP (g/mol) 959.17 485.79 360.88 257.54 414.07 [ChemSpider, 2024]

MVair (cm3/mol) 20.1 20.1 20.1 20.1 20.1 Calculated

MVPOP (cm3/mol) 321.9 224.8 226.4 190.6 237.3 [ChemSpider, 2024]

H2O (cm2/s) 0.0089 0.0089 0.0089 0.0089 0.0089 [Schwarzenbach et al., 2016]

DaH2O
(cm2/s) 0.3 0.3 0.3 0.3 0.3 [Schwarzenbach et al., 2016]

DwCO2
(cm2/s) 0.00002 0.00002 0.00002 0.00002 0.00002 [Schwarzenbach et al., 2016]

∆H (J mol−1) 82600 62000 66100 32500 46800 [Bamford et al., 2000]

∆S (J mol−1 K−1) 120 130 190 74 143 [Bamford et al., 2000]

These parameters were taken from Schwarzenbach [Schwarzenbach et al., 2016] as constants
(Table 3), while Dwi and Dai were calculated using the following equations 29, 30. [Odabasi,
2008]:

Dai =
T · 10−3[ 1

MWair
+ 1
(MWPOP ·103)]

0.5

P(V 0.33
air + V 0.33

POP )2
(29)

Dwi =
13.26 · 10−5

P(100νH20)1.14 · V 0.589
POP

(30)

MWair , MWPOP – molar weight of an air and chosen POP [g/mol];
Vair , VPOP – molar volume of an air and chosen POP [cm3/mol];
P – air pressure [atm];
νH2O – kinematic viscosity (at 25 °C) [cm2/s].

In the case of PFOA, the calculation of atmospheric exchange differs due to its immediate
dissociation upon entering the water column, resulting in minimal diffusive exchange. Conse-
quently, all parameters are applied to PFO− rather than PFOA. Enthalpy and entropy of va-
porization data for this substance were unavailable to the authors. However, another crucial
process representing atmospheric exchange of PFOA is the formation of sea salt aerosol (SSA).
The parameterization approach for this process was synthesized from studies by Neumann et al.
[Neumann et al., 2016], Gong [Gong, 2003], and Sha [Sha et al., 2022]. The total exchange of
PFOA with the atmosphere is determined by Equation 31.

d[CPFOatm]
d t

= Fap = PFOAdep −
MWPFO · EF · [PFOf ree] · Sal

35 · [Na+] · L
· F r80 (31)

MWPFO – molar weight of PFO− [g/mol];
EF – enrichment factor [-];
[PFOf ree] – concentration of PFOA in water [pg/m3];
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Sal – salinity [g/kg];
[Na+] – concentration of sodium in water at surface layer [pg/m3].
L – Avogadro Number [mol−1];

F r80 represent number of particle flux per second and depends on particle size r80 and wind
speed u10:

F r80 = 3.84 · 10−6 · u3.41
10 · 3.576 · 105 · r−A

80 (1+ 0.057 · r3.45
80 ) · 101.607·e−B2

(32)

A= 4.7 · (1+ 30 · r80)
−0.017·r−1.44

80 (33)

B = (0.433− log(r80))/0.433 (34)

The presence of surface water ice not only affects the availability of incoming atmospheric
pollutants but also influences the overall distribution patterns of POPs. Our current simulations
take into account the fraction of ice coverage, obtained from ECOSMO simulations [Daewel and
Schrum, 2013]. ECOSMO provides a partial exchange of sea ice cover scaled by (1− Ai), where
Ai represents the sea ice compactness, i.e., the fraction of the cell covered by sea ice. Addition-
ally, the atmospheric flux and SSA formation are adjusted according to Equation 35, where Fow

denotes the flux over open water.

F = (1− Ai) · Fow (35)

Furthermore, the UV irradiation in the water column has been also adjusted to account for
the presence of sea ice.

3.6.2 Sedimentation, resuspension and burial

The sedimentation process is primarily governed by the sinking of particles. In our simula-
tions, the sinking of POP on particles is accounted for by assigning a constant sinking velocity
of 1 m/d [Daewel and Schrum, 2013]. It’s important to note that POPDOM and free dissolved
contaminants do not undergo sedimentation. Therefore, sinking velocities are only considered
for POP associated with POM.

In our model, the quantity of POPs stored in sediments is influenced by various processes, in-
cluding direct sedimentation, diffusive exchange with the water column, degradation, and burial.

The concentration of POP in the sediment is represented in the model as:

(36)
d[POPsed]

d t
= −(kbur + kdeg + krem3)[POPsed]− kdi f f 1[POPsed]

− kresusp[POPsed] + kdi f f 2[POPf ree] + ksed[POPPOM]

kbur – burial rate of POP (equal for a POM burial rate in ECOSMO);
kdeg – rate constant of pollutant degradation in sediments;
kdi f f (1,2) – rates of POP diffusive exchange with dissolved in water pollutants;
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kresusp – resuspension rate (bottom shear stress depended);
ksed – sedimentation rate of POPPOM ;
POPPOM – concentration of POP on POM [pg/m3];
POPf ree – dissolved in water POP [pg/m3];
krem3 – rate of sediment remineralisation.

Rate of sediment remineralisation is calculated as:

krem3 = 2 · 10−8ex p(tempC · T ) (37)

tempC– temperature control factor [°C−1];
T – temperature [°C].

Table 4: Rate constants, used in modelling of POPs sedimentation

kbur · 10−9 (s−1) kdi f f · 10−10 (s−1) kdeg · 10−10 (s−1) kex · 10−5 (s−1)∗

Sediment POP 1.1571 (1) 0.1392 3.9352 28.9351

POP f ree – (2) 4.052 – –

POPPOM – – – 4.0511

∗ exchange rate constants: kresusp for POPsed and ksed for POPPOM

1 ECOSMO [Daewel and Schrum, 2013]
2 Jay A. Davis SETAC [Davis, 2004]

Finally, resuspension is triggered when the friction velocity near the bottom exceeds a crit-
ical velocity (Equation 38). The friction velocity (ub

∗ ) is simulated in GOTM, while the critical
velocity (ub

cr) is set to 0.07 ms−1 (Equation 39).

ub
∗ > ub

cr (38)

ub
∗ = r
q

U2
1 + V 2

1 (39)

U1, V1 – components of mean velocity at the centre of the lowest cell.

3.7 Regional Characteristics for Model Implementation
To investigate the influence of hydrodynamic and biogeochemical features on the transfor-

mation and mixing processes of persistent organic pollutants in the water column, a column
model was applied to four hydrodynamically distinct sites. These simulations depicted condi-
tions in various locations within the North Sea and the Baltic Sea, employing the hydrodynamic
column model framework GOTM [Umlauf et al., 2024]. To elucidate the influence of hydrody-
namics and biogeochemistry on the destiny of POPs, the water column model was initialized and
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subjected to realistic water depths, initial tidal conditions, and atmospheric forcing tailored to
each selected region (Figure 12). Detailed specifications of the model and the parameterization
for these regions are provided in Section 2.2.

Figure 12: The map of chosen locations for a model runs: a,b – the Baltic Sea; c,d – the North
Sea.

The North and Baltic Seas are situated in the European region, surrounded by some of the
largest European countries characterized by high levels of industrial production [Lohmann et al.,
2007]. Due to the high population density and the proximity of numerous countries, not only
those with direct access to the shores of these seas but also those located within the catch-
ment area, this region has experienced significant contamination. Historically, high levels of
POP emissions have heavily exposed this region to pollution [Breivik et al., 2002, Breivik et al.,
2007, Lohmann et al., 2007]. The high biological productivity of these seas makes them partic-
ularly vulnerable to POP exposure [Daewel et al., 2020]. Additionally, the semi-enclosed nature
of the Baltic Sea results in the prolonged retention of POPs, limiting their dispersion through
long-range transport (LRT).

The choice of these regions as study areas stems from their significant pollutant loads [Breivik
et al., 2002] and notable variations in hydrodynamic, meteorological, and biological conditions
[Van Leeuwen et al., 2015, Szymczycha et al., 2019, Savchuk and Wulff, 2009]. Moreover, the high
primary production in these areas poses a substantial risk of bioaccumulation, raising concerns
about food safety [Daewel et al., 2020].

The Baltic Sea, characterized by relatively low salinity levels, is a semi-enclosed water body.
This salinity profile arises from the influx of rivers into the sea and its limited exchange with
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the open sea, solely through the North Sea [Placke et al., 2021]. Consequently, the Baltic Sea has
received high inputs of POPs from terrestrial sources over the past century, with minimal ex-
change with the open sea. Due to the persistent nature of POPs, they tend to accumulate within
this marine environment.

For model simulations in the Baltic Sea, two sites were selected. The first site, denoted as
region b in Figure 12, lies in the central Baltic Sea. This region is knows as the Gotland Basin.
Area b features brackish water and is characterized by a stable two-layer stratified system: a fresh
surface layer and a deeper, more saline layer, often oxygen-depleted [Lehmann et al., 2022, Rodhe
et al., 2010]. The surface layer in location b experiences thermocline formation during winter
and summer, occasionally forming sea ice during severe winters. In contrast, the deeper layer
undergoes minimal seasonal changes. The second chosen location aims to capture conditions in
the northernmost region of the Baltic Sea, the Bothnian Bay (region a in Figure 12). This area
is distinguished by nearly freshwater conditions and regular seasonal ice cover lasting several
months [Rodhe et al., 2010].

The North Sea’s dynamics are significantly shaped by tidal activity, resulting in distinctive
regional characteristics. Corresponding to the bathymetry, the North Sea encompasses various
areas with distinct mixing regimes: seasonally stratified (Figure 12c), permanently mixed (Figure
12d), and permanently stratified [Van Leeuwen et al., 2015, Zhao et al., 2019]. These character-
istics reflect different configurations of surface and bottom mixed layers (SML and BML).

In this study, we focus on two regions where the SML and BML either merge during winter
but remain separate in summer (Figure 12c) or constantly overlap (Figure 12d). The northern
region, situated in the central-northern part (region c in Figure 12), is characterized by seasonal
stratification [Van Leeuwen et al., 2015]. This area, with a depth of 110 meters, experiences tides
with an M2 amplitude of 0.41 meters and S2 amplitude of 0.16 meters [Egbert and Erofeeva,
2002, NAO, 2024]. Additionally, it is influenced by the North Atlantic inflow, exhibiting lower
nutrient content and biological production compared to the southern part [Daewel and Schrum,
2013].

Conversely, the southern part (region d in Figure 12) is a shallow area with a depth of 41 me-
ters, strongly affected by tidal forces [Van Leeuwen et al., 2015]. In this region, M2 amplitudes
can peak at 0.7 meters, and S2 amplitudes at 0.25 meters [Egbert and Erofeeva, 2002]. These
conditions foster high turbulence, leading to continuous mixing and resuspension, thereby main-
taining a mixed water column throughout the year [Van Leeuwen et al., 2015]. The warm mixed
water and nutrient-rich environment in this area promote high primary production [Zhao et al.,
2019].
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4 Results and Discussion
All of the stated research questions address the major parameters that determine the final

fate of POPs in the marine environment. In the first chapter, we examine in detail how specific
chemical properties shape the behaviour of each POP in the water column. Additionally, we
consider the importance of their byproducts from photolytic processes and the hazardous char-
acteristics of each chemical.

The second chapter focuses on the importance of the biological parameters of the system
on the outcome of POPs’ fate. In detail, we examine the pattern of the past and observe how a
change in just one parameter influences not only the distribution and accumulation pattern of
parent POPs but also shapes the direction of the photolytic pathway.

The final chapter addresses the hydrophysical specifications of the system and their influ-
ence on the distribution of POPs. Although the biological pump plays a vital role in the fate of
POPs, hydrophysical specifications can also have a significant effect. This section examines how
different hydrodynamic regimes shape the overall outcome of POPs. In particular, we compare
five regions and investigate the influence of tidal activity, stratification, and sea ice on both at-
mospheric inflow and the final area of accumulation of POPs.

All simulations were conducted using 1D setups, with results presented in Figures 14 - 41.
These figures can generally be categorized into three types: atmospheric flux plots, water column
concentration plots, and sediment concentration plots. The X-axis across these plots typically
represents a timeline, which can vary from months (e.g., Figure 17, where each letter denotes a
specific month) to years (Figure 14).

To introduce the 1D simulation results, Figure 13 is presented as an example. The first type
of plot illustrates the exchange between the atmosphere and the water surface. As this graph rep-
resents flux, it shows the amount of pollutant crossing the boundary between water and air per
second (pg m−2 s−1). The information in this plot indicates the quantity of pollutants entering
the water column from the atmosphere. This process generally comprises two components, with
deposition being a constant and one-directional flux from the atmosphere to the water (Figure
13a). However, other processes, such as diffusive exchange and the formation of sea salt aerosols
(SSA), can cause an opposite flux of pollutants from water to atmosphere, thereby decreasing
the net compartmental exchange flux .
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Figure 13: Example of plots in this study and their meaning: a - atmospheric flux (pg m−2 s−1);
b - changes of POP concentration in water column over time (pg m−3); c - changes of POP con-
centration in sediment pool over time (pg m−2).

The second type of plot represents changes in concentration within the water column over
time (Figure 13b). The Y-axis denotes water column depth, ranging from 41.5 meters in the
Southern North Sea to 250 meters in the Gotland Basin. Concentration ranges are depicted by
color variations, with the corresponding values shown in the color bar (in units pg m−3). This
type of plots also represent turbulence length scale (TLS) of the water column.

The final plot type represents changes in sediment concentration of POPs (Figure 13c). In
this model setup, sediment is implemented as a single pool without differentiation by depth, so
concentration changes are presented in units of pg m−2.

4.1 The environmental fate of specific congeners of a group of POPs

In the marine environment, the fate of pollutants is influenced by a variety of factors, rang-
ing from hydrophysical and biogeochemical conditions of the region to the specific speciations
and properties of each chemical. Similarly, in the simulation or modeling of these processes, it’s
essential to consider these factors independently. To begin, we will examine the unique charac-
teristics of each POP and analyze how they influence their behavior in the water column.

This chapter aims to delineate the differences in behavioral patterns among five POPs within
the same region. Specifically, we will explore how distinct chemical properties shape their dis-
tribution patterns within the water column, the diffusive flux between different environmental
compartments, and the resulting by-products of their photolytic transformation. The Gotland
Basin in the Baltic Sea has been chosen as the site for the 1D simulation of all five POPs. This
region is characterized by the absence of sea ice, minimal tidal influence, clear stratification, and
high biological production, resulting in a high content of organic matrices for pollutant parti-
tioning. Additionally, detritus in this area has over 200 meters to sink, allowing us to consider the
influence of POPs desorption via remineralization. Moreover, once pollutants have descended to
the bottom of the water column, they can accumulate in sediments due to low turbulence in the
bottom layer. Furthermore, the separation between the bottom and surface mixed layers enables
the observation of the dynamic behavior of POPs on detritus and in sediment independently of
surface bioproduction and DOM.
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To compare how specific parameters influence the distribution pattern of each POP between
phases, the experiment was conducted under identical conditions. This involved maintaining
consistent hydrodynamic and biogeochemical regimes, as well as initial pollutant concentrations.
As outlined in the Methods section 3.4, all aquatic pollutant concentrations were initialized
to zero at the beginning of the simulation. However, atmospheric concentrations vary among
different POPs, leading to discrepancies in their distribution and accumulation patterns. To
address this, we standardized atmospheric concentrations and depositions at 0.1 and 0.001 pg
m−2 s−1, respectively, for each POP, thereby allowing us to focus on specific pollutant properties.

This experiment aims to differentiate the impact of specific properties of POPs on their be-
havior in the aquatic environment. It’s important to note that the results of this experiment do
not accurately reflect real concentration distributions.

4.1.1 Atmospheric flux

At the interface between water and air, pollutants can be transferred through two main
mechanisms: direct deposition and diffusive flux. Direct deposition is primarily governed by
atmospheric concentration and the flux from air to water. Diffusive flux, on the other hand, is
more complex. As described in the Methods section 3.4, diffusive flux is influenced by physical
factors such as wind speed and temperature [Friedman and Selin, 2016, Odabasi, 2008], as well
as chemical properties including the enthalpy and entropy of dissolution, and diffusivities (Ta-
ble 5). Additionally, the free dissolved concentration of POPs in the water column dictates the
direction of the POP flux.

The simulation results indicate that the mobility of selected POPs in diffusive exchange in-
creases as the molar mass and enthalpy of vaporization (∆Hh) decrease (Fig. 14,a1-a4). This
effect, while straightforward, significantly influences the ability of pollutants to remain in dis-
solved form. Among the selected POPs, BDEs are the heaviest (Table 5), rendering them unlikely
to be released back into the atmosphere and instead causing them to distribute within the water
column. Consequently, BDEs exhibit the highest dissolved concentrations among all five POPs
(Fig. 14,a1,a2,b1,b2).

At low atmospheric concentration levels, pollutants in the water column reach equilibrium
with no additional release to the atmosphere. However, the diffusive "pump" facilitating atmo-
spheric exchange is higher for LSCs, resulting in increased dissolved concentrations of BDE47

compared to BDE209 .

For the PCB class, the pattern is similar, but they can contribute to the release of pollutants
back into the atmosphere under simulated conditions (Fig. 14,a3,a4,b3,b4). PCB28, a LSC, has
the lowest∆Hh and molar mass (Table 5), resulting in the highest release of POPs via diffusive
exchange (Fig. 14,a4). However, both PCB28 and PCB153 exhibit a similar range and distribution
pattern in dissolved form (Fig. 14,b3,b4), with a slight increase in PCB28 during summer due to
release from dissolved organic matter.

Although PFOA is heavier than PCBs, it has a different mechanism of atmospheric release
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through sea salt aerosols. This results in the highest flux of pollutants from the water to the
air. However, due to PFOA’s solubility and general affinity to water, its dissolved concentration
remains high at the surface, with minimal disruptions during summer seasons (Fig. 14b5).
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4.1.2 Dergadation

Over the long term, POPs can be transported over long distances in the open ocean (LRT).
Photolysis is a preferred and viable method for POPs to transform or degrade. Moreover, it’s
important to note that photolysis occurs exclusively in surface waters, where UV light can pene-
trate the water column. In the deep ocean, where bacterial communities and sunlight are scarce,
POPs can persist almost indefinitely.

The majority of POPs absorb solar irradiation in the UV part of the light spectrum, lead-
ing to their transformation into derivative products. This phototransformation process affects
PCBs, PBDEs, and PFASs, with some HSCs of the PCB and PBDE classes exhibiting a higher
susceptibility to this process compared to LSCs. Although the concentrations of newly devel-
oped pollutants are not typically high, studying these phototransformation processes is crucial.
Given the persistent nature of POPs, photolysis represents one of the two possible degradation
pathways. Over extended periods, there can be a cumulative effect leading to a significant re-
duction in the concentration of parent POPs. However, POPs undergo different pathways of
photolytic transformation in the marine environment and do not always end up in the complete
degradation of the original molecule.

For instance, HSCs such as PCB153 and BDE209 tend to lose halogens in their structure dur-
ing direct photolysis, resulting in the formation of LSCs like PCB28 and BDE47. In this case, the
reduction in one pollutant results in an increase in the other congener from the same class, rather
than complete degradation. For BDE class, HSC transform to LSC BDE47 (Fig. 15a). This process
contributes to an increase in LSCs’ dissolved concentrations in the SML, leading to their higher
outflux to the atmosphere. PFOA undergoes direct photolysis, resulting in the transformation
of the compound into other lighter compounds. In this context, this process is considered degra-
dation.

Figure 15: Different pathways of BDE phototransformation and their result concentrations: a -
direct photolysis and BDE47 formation; b - indirect photolysis and BDE-OH formation.
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Simultaneously, another process occurs: indirect photolysis. During this process, freshly
formed OH radicals interact with POP molecules, resulting in the production of various sub-
stances. For instance, PBDE compounds convert into PBDE-OH molecules (Table 5, Fig. 15b).
The rate of this process depends not only on the concentration of BDE but also on the avail-
ability of OH radicals. Although the creation rate of these new pollutants is relatively low, it’s
noteworthy that PCB-OH and BDE-OH were never manufactured industrially nor produced by
natural activities. These chemicals are persistent, more toxic, and have a significant impact on
living organisms compared to their parent pollutants. Moreover, these hydroxylated byproducts
also remain mixed within the SML, resulting in greater accessibility to a significant portion of
aquatic species (See Section 2).

Although PCB-OH and BDE-OH typically do not reach high concentration levels, their pres-
ence can be crucial for local biota.

Biological degradation requires PCBs and BDEs to possess a specific structure that allows
bacteria to utilize them as a source of energy. While PCB153 and BDE209 do not meet these
criteria, PCB28 and BDE47 do. Consequently, some percentage of LSC can be degraded. Nev-
ertheless, HSCs are still affected by biological degradation, particularly by cyanobacteria. This
process occurs at a much slower rate, resulting in a lower reduction of parent POPs through this
degradation pathway.

Here, we delve into various properties of all 5 simulated pollutants and 3 derivatives. This
includes information and discussions about their LC50, BCF, and their general effects on fetal
development. We compare how distribution patterns change across different stages of halogena-
tion and molar mass. Additionally, we explore the identification of hotspots for more dangerous
derivatives.

4.1.3 Partitioning to detritus and sediment concentrations

One of the most important processes, determining distribution of persistent pollutant be-
tween phases in aquatic environment is partitioning with Organic Matter. When both POM and
DOM are present, POP partitioning to each matrix can become a competitive process. Within
one class of hydrophobic pollutants, different congeners have different preferences for partition-
ing. HSC BDE209 and PCB153 contain a significant amount of halogens in their structures, which
greatly increases their weight, molecular size, and flexibility. These molecules can absorb on the
surface of organic particles, but has less affinity for adsorption within the cluster of dissolved
organic matter. In contrast, LSC tends to be adsorbed within the clusters of DOM due to their
smaller size and lighter mass.

All studied POPs exhibit a high affinity for accumulation on OM, but their adsorption and
desorption rates vary. This results in temporal differences in the presence of POPs on POM in
the water column throughout the year (Fig. 14e1-e5). BDEs tend to adsorb quickly onto detritus
and are released relatively rapidly during both remineralization and desorption processes. This
increases the concentration of dissolved BDEs, especially LSC BDE47, in the bottom part of the
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region (Fig. 14b1,b2). Eventually, BDEs on detritus contribute to the sediment content of these
pollutants. While this phenomenon occurs for all five POPs, the PCB class exhibits the slowest
desorption rate, resulting in extremely low dissolved concentrations of PCB pollutants below
the surface mixed layer (Fig. 14b3,b4).

HSCs like BDE209, PCB153, and PFOA rapidly adsorb onto detritus, leading to an initial sig-
nificant decrease in their dissolved concentrations during the plankton bloom season. As POM
forms, a substantial portion of these POPs is removed from the dissolved phase and sinks to the
sediment. In contrast, LSCs adsorb more slowly onto detritus, allowing them to remain in the
dissolved phase for a longer period. Consequently, BDE47 and PCB28 exhibit higher concentra-
tions on detritus later in the year. This results in a distinct distribution pattern for these POPs:
HSCs and PFOA primarily contribute to sediment concentrations earlier in the year, while LSCs
peak later (Fig. 14f1-f5).

4.2 Hydrodynamic Impacts on the Fate of hydrophobic POPs in the Marine
Environment

In the marine environment, multiple parameters dictate the distribution of POPs. In the
previous chapter, we investigated the effect of specific chemical properties of each congener on
its behavior in the water column. Another critical factor influencing POP distribution is the
hydrodynamic characteristics of the environment. Physical processes such as turbulence regimes
and stratification strongly affect the distribution patterns of both organic matter and POPs.
Sediments can act as either a permanent or seasonal sink for POPs and detritus, depending on
the mixing conditions.

Stratification causes the removal of POPs from the surface layer due to particle settling,
which affects the air-sea exchange. This process impacts all chosen pollutants but particularly
affects the fate of HSCs, which have a higher affinity for binding with POM. In regions with sea-
sonal stratification, resuspension events may cause significant peaks in dissolved concentrations
of POPs previously stored in sediment. These increases in pollutant concentrations can have a
major impact on bioaccumulation.

Biological production results in elevated concentrations of organic matter, triggering the
transformation of POPs from the dissolved phase to the absorbed phase. Additionally, POM
removes POPs from the surface layer through gravitational settling. This alteration in the con-
centration gradient of POPs between the atmosphere and ocean at the interface leads to an
increased atmospheric influx through diffusive exchange. Since the atmosphere serves as the pri-
mary source of POPs in the 1D model, the amount of OM at the atmospheric surface is a crucial
factor in determining the total amount of POPs in the system.

Resuspension events can increase the quantity of suspended OM, thereby directly enhancing
the process of pollutant accumulation by elevating nutrient concentrations. Consequently, this
can lead to higher primary production in nutrient-limited regions. This chapter focuses on the
impact of the physical characteristics of the system on the behavior of POPs. Section 4.3 provides
detailed insights into the influence of changes in OM production on its distribution pattern.
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The second driving processes are turbulence regime and stratification. Depending on the
mixing condition, sediments can act as either a permanent or seasonal sink for POPs. Regard-
less of the long-term fate, stratification results in the removal of POPs from the surface layer
due to particle settling, which consequently affects air–sea exchange. In regions with seasonal
stratification, resuspension events can cause significant peaks in POP concentrations, thereby
potentially having a major impact on bioaccumulation.

Here, we assessed four regions with distinct conditions. The two model locations in the
Baltic Sea represent contrasting environments: the Gotland Deep, characterized by deep, strat-
ified conditions, and a shallower, mixed region in the north, known for seasonal ice coverage,
referred to as the Bothnian Bay. The Gotland Basin area, with a depth of 250 meters, is the deep-
est part of the Baltic Sea, exhibiting stable stratification [Savchuk and Wulff, 2009]. Surface and
bottom mixed layers are permanently separated by a halocline, resulting in rare resuspension
events that do not significantly affect the stratified surface layer.

In the Bothnian Bay location, winter sea ice formation restricts the influx of atmospheric
POPs and the release of PFOA through sea salt aerosol formation.

In contrast to the Baltic Sea, the North Sea is a much shallower shelf sea with no deep basins.
Importantly, it is connected to the Atlantic Ocean, where physical and biological processes
determine whether POPs originating from the continent are deposited into the sediments or
transported into the open ocean. For our analysis, we modeled POP cycling at two locations in
the North Sea, differing due to two key processes: stratification/mixing and primary produc-
tion/biological pump.

The Northern North Sea (NNS) experiences seasonal stratification with high primary pro-
duction, whereas the Southern North Sea (SNS) remains mixed throughout the year and exhibits
even higher primary production. The stronger vertical mixing in the SNS is attributed to its
shallow depth and higher tidal amplitudes. During periods of mixed water column, bottom tur-
bulence (shear stress) prevents POPs from accumulating in the sediments. In cases of seasonal
mixing, this can lead to pronounced resuspension peaks.

Furthermore, the high biological production in both regions results in elevated concentra-
tions of dissolved and particulate organic matter. This strongly influences the speciation of POPs
and causes sedimentation via POPs bound to detritus (detritus vector). In the Baltic Sea, specia-
tion significantly influences air–sea exchange, as only the dissolved form can exchange between
the atmosphere and ocean.

For the North Sea, we assessed two model scenarios for each region. In addition to the de-
fault scenario, we conducted simulations without tidal forcing to illustrate the impact of tides
on the fate of POPs in this area. The turbulence generated by tides is pivotal in determining
whether sediments act as a sink for POPs in this region and has implications for their long-range
transport.
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On one hand, tides induce more resuspension, reducing net sedimentation. On the other
hand, the heightened availability of nutrients in a predominantly nitrogen-limited environment
fosters increased primary production, resulting in higher levels of particulate organic carbon
(POC) and consequently augmenting the sedimentation flux.

4.2.1 The Deep Region with Permanent Stratification — The Gotland Deep

Figure 16: Conditions in the Gotland Basin (year 2010): a - TLS (m); b - DOM (mgC m−3); c -
detritus (mgC m−3).

In the Gotland region of the Baltic Sea, the surface and bottom mixed layers are distinctly
separated (Figure 16a). Primary production in this area begins in May, leading to high con-
centrations of POM and DOM from decaying phytoplankton (Figure 16b,c). Organic matter
subsequently adsorbs POP f ree, and as POPPOM settles, it effectively scavenges POPs from the
surface layer, transporting them toward the ocean floor (Figure 18, column a). Due to the low
turbulence and weak currents, there is rarely any resuspension at the bottom of the Gotland
Basin, resulting in the permanent accumulation of POPs in the sediment (Figure 18, column b).
This process affects all five POPs, though the intensity varies.

PCBs exhibit a high affinity for detritus and sorb quickly, resulting in a intense but short in
time PCBPOM peak in late May to early June (Figure 18 3a, 4a). In contrast, BDEs and PFOA
adsorb more slowly onto POM. Consequently, the POPPOM concentrations for these substances
are not as high as for PCBs, but they exhibit a longer peak duration (Figure 18 1a, 2a, 5a).
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Figure 17: Results of simulation in the Gotland Basin (year 2010): column a - atmospheric flux of
POP (pg m−2 s−1) (direction of flux - from atmosphere to water); b - POP f ree concentrations (pg
m−3); c - POPDOM concentrations (pg m−2 s−1); row 1 - BDE209; row 2 - BDE47; row 3 - PCB153;
row 4 - PCB28; row 5 - PFOA.

In this region, subsurface primary production becomes nutrient-limited early in the sum-
mer. Consequently, there is a clear seasonality in the distribution of POP f ree. In early summer,
detritus removes pollutants from the dissolved form as biological production begins (Figure 17,
column b). This effect is observed for all POPs, with the highest impact on the PCB class due to
their strong affinity for POM (Figure 17 3b, 4b).

Cyanobacteria bloom in late summer and autumn, keeping the biological pump active almost
until the end of the year, though at a lower level (Figure 17b). The increased levels of BDEs and
PFOA concentrations in late summer and early autumn are related to the desorption of POPs
from decaying DOM. With the initial peak of biological production, all POPs partition with
detritus, leading to a temporary removal of freely dissolved POPs in May and June (Figure 17,
column b).
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As a result, the stratified surface layer becomes "cleaned up" from pollutants, and due to the
more pronounced concentration gradient, the atmospheric flux of POPs increases, particularly
for PCBs (Figure 17 3a, 4a). However, BDEs, being heavier and lacking a tendency for diffusive
outflux from the water column, do not exhibit the same effect (Figure 17 1a, 2a). Conversely,
a reduction in surface wind speed during the summer months leads to a slight decline in the
concentration of incoming BDE compounds, also resulting in a thinner mixed layer during this
season. This reduction in wind speed also affects the atmospheric flux of PFOA, albeit in a dif-
ferent manner. Consequently, there is a decrease in the formation of SSA, leading to a reduction
in the outflux of PFOA from the water column (Figure 17 5a).

POP entering from the atmosphere initially has no matrix to attach to. As a result, exchange
with the atmosphere gradually saturates the thin surface mixed layer with POPs over time (Figure
17, column b). Stratification, the absence of detritus, and the high input of atmospheric POPs
contribute to the formation of a surface layer primarily composed of POP f ree, which accumu-
lates until the next biological production cycle. Ultimately, the high concentration of POP f ree

at the onset of biological production represents a hotspot of bioavailability.

However, not all removed POPs end up being adsorbed onto POM. A fraction of POP f ree

associates with DOM, thus remaining in the surface mixed layer. This effect is particularly en-
hanced for LSCs PCB28 and BDE47 (Figure 17, column c).
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Figure 18: Results of simulation in the Gotland Basin (year 2010): column a - POPPOM concen-
trations (pg m−3); b - sediment POP concentrations (pg m−2); row 1 - BDE209; row 2 - BDE47; row
3 - PCB153; row 4 - PCB28; row 5 - PFOA.

4.2.2 Permanently Mixed Region with Low Atmospheric Input and the Late Onset of Pro-
duction due to Sea Ice Cover—The Bothnian Bay

Figure 19: Conditions in the Bothnian Bay (year 2010): a - TLS (m); b - DOM (mgC m−3); c -
detritus (mgC m−3).
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In this region, seasonal sea surface ice formation occurs during wintertime, and primary pro-
duction begins later in the year. Despite being located in the northern part of the Baltic Sea, the
water column experiences thorough mixing, with only a brief disruption in mixing occurring
in the surface mixed layer (SML) during summer (Figure 19a). This brief disruption in summer
facilitates the production of organic matter by biota, resulting in two distinct peaks (the second
peak is associated with cyanobacteria bloom) (Figure 19b,c).

Figure 20: Results of simulation in the Bothnian Bay (year 2010): column a - atmospheric flux of
POP (pg m−2 s−1) (direction of flux - from atmosphere to water); b - POP f ree concentrations (pg
m−3); c - POPDOM concentrations (pg m−2 s−1); row 1 - BDE209; row 2 - BDE47; row 3 - PCB153;
row 4 - PCB28; row 5 - PFOA.

The Bothnian Bay, situated in the northern reaches of the Baltic Sea, represents a more re-
mote location characterized by lower atmospheric concentrations of POPs. During periods of
ice coverage, the atmospheric flux of POPs dramatically decreases (Figures 20, column a).

Before the onset of ice formation in winter, incoming atmospheric POPs primarily accumu-
late on organic matter and subsequently mix within the water column (Figure 21a). A fraction of
these pollutants returns to the dissolved form during the remineralization of OM and desorption
processes (Figure 20, column b). However, during the brief window of biological production in
summer, all forms of OM capture and mix newly arriving pollutants from the atmosphere within
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the water column. For PCBs and BDEs, this phenomenon results in a similar pattern of free dis-
solved pollutants in the water column, commencing with the onset of bioproduction (Figure
20, column b). The variations in concentrations are influenced by the quantity of pollutants
suspended in the water column from the previous year during the winter period. LSCs exhibit
higher concentrations of POPs associated with dissolved organic matter (POPDOM ), peaking dur-
ing the summer DOM production phase. However, a residual amount of this fraction remains
mixed within the water column for the subsequent winter season (Figure 20, column c).

The higher solubility of PFOA and its lower susceptibility to diffusive atmospheric flux ac-
count for its elevated concentration in the system. During winter, when levels of POP f ree are
low, sea ice acts as a barrier preventing the influx of PCBs and BDEs from the atmosphere. How-
ever, this ice cover also limits the formation of sea salt aerosols (SSA), which are responsible for
the outflux of PFOA to the atmosphere. Consequently, over time, PFOA accumulates to higher
concentrations in the water column, influencing both the dissolved form (PFOA f ree) and sedi-
ment concentrations (Figure 205b, Figure 215b).

Figure 21: Results of simulation in the Bothnian Bay (year 2010): column a - POPPOM concen-
trations (pg m−3); b - sediment POP concentrations (pg m−2); row 1 - BDE209; row 2 - BDE47; row
3 - PCB153; row 4 - PCB28; row 5 - PFOA.

However, in this region, all five POPs are captured by detritus during the summer season
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and can accumulate in the sediment (Figure 21, column b). The overall pattern and range of con-
centrations are constrained by bottom turbulence and the low influx of atmospheric pollutants,
with the exception of PFOA, which exhibits a higher concentration range in the system.

In our model, we didn’t incorporate the interactions of POPs with ice. However, it’s con-
ceivable that a portion of atmospheric POPs is sequestered in sea ice, potentially resulting in a
more pronounced spring peak in POP concentrations upon ice melt.

4.2.3 The North Sea — Tides Influenced Area with High Primary Production

1. Seasonally Stratified — Northern North Sea (NNS)

The key process governing the differences between model runs with and without tides
is the additional energy introduced by the tides which increases the turbulence and thus
vertical mixing. Figure 22 depicts the seasonal turbulence and OM production patterns
for the model run with and without tides.

Figure 22: Conditions of the Northern North Sea (NNS) for 2 scenarios: column a - TLS (m);
column b - DOM (mgC m−3); column c - POM (mgC m−3); row 1 - with tides (the water column
stays stratified during summer season); row 2 - without tides.

The tides raise the depth and turbidity of the bottom mixed layer, leading to a breakdown
of the stratification during winter (Figure 221a). This also increases sediment resuspen-
sion, introducing more particulate OM and nutrients into the water column(Figure 221c).
In both model runs, the upper and bottom mixed layers are separated during summer.

POP cycling varies strongly between the two model runs. Common patterns are, like in
the Baltic Sea, the scavenging of POP from the surface layer due to settling of POM. In the
run without tides, all 5 POPs accumulate in the sediment and partially are resuspended
during a short time of mixing in January (Figure 23, column c,d).
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Figure 23: Results of simulations for all POPs related to POM in NNS: column a - POPPOM tide
scenario (pg m−3); b - sediment concentration of POP tide scenario (pg m−2); c - POPPOM no-tide
scenario (pg m−3); d - sediment concentration of POP no-tide scenario (pg m−2);row 1 - BDE209;
row 2 - BDE47; row 3 - PCB153; row 4 - PCB28; row 5 - PFOA.

In scenarios involving tidal activity, the system possesses sufficient energy to resuspend
POPs from the sediment, which then become mixed beneath the stratification layer (Fig-
ure 23, column a,b). Consequently, there is minimal or no net annual accumulation of
POPs in sediments (Figure 23, column b), and concentrations of suspended POPPOM are
generally elevated in the bottom layer (Figure 23, column a). This pattern is consistent
across all POPs. However, for LSC PCB28, the concentration of the pollutant on detritus
is notably high during the second bloom in July (Figure 23a4). This outcome is attributed
to both the high atmospheric concentration of POP and the presence of DOM in the wa-
ter column. With LSCs exhibiting a high affinity for DOM, this combination significantly
boosts the influx of PCB28 into the water column (Figure 24b3,c3). The abundant DOM
effectively absorbs all incoming pollutants from the atmosphere, altering the partial pres-
sure gradient. Consequently, this effect amplifies the atmospheric flux from air to water,
resulting in exceedingly high concentrations of PCB28 on DOM.

Over time, released from DOM, PCB28 creates a notably concentrated area of freely dis-
solved pollutants near the surface, where detritus from the second bloom captures it and
distributes it downward through the water column.
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Figure 24: Results of PCB class simulations in NNS: column a - atmospheric flux of PCB (pg m−2

s−1); column b - freely dissolved PCB f ree (pg m−3; column c - PCBDOM (pg m−3); row 1 - results
for PCB153 with tides; row 2 - PCB153 without tides; row 3 - PCB28 with tides; row 4 - PCB28

without tides.

Similar picture is observed in case of LSC BDE47 (Figure 25b3,c3), however at lower ex-
tent. This can be explained by lower atmospheric concentrations of BDE47 compared to
PCB28, as well as the reduced mobility of the heavier BDE47 over diffusive flux with the
atmosphere.

For both BDEs and PCBs in both scenarios, the presence of detritus during winter increases
scavenging, and dissolved POP f ree becomes, at times, completely depleted (Figure 25, col-
umn b; Figure 24, column b). With no-tide scenario, increased turbulence at the bottom of
water column in January lead to resuspension of sediment POM, which removes residuals
of dissolved POPs from the end of last year (Figure 25, column b; Figure 24, column b).
All of those processes result increased POP flux from the atmosphere for BDEs and PCBs
(Figure 25, column a; Figure 24, column a). The atmospheric POP is quickly absorbed to
the abundant OM, which in turn increases the influx of atmospheric POP further.
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Figure 25: Results of BDE class simulations in NNS: column a - atmospheric flux of BDE (pg m−2

s−1); column b - freely dissolved BDE f ree (pg m−3; column c - BDEDOM (pg m−3); row 1 - results
for BDE209 with tides; row 2 - BDE209 without tides; row 3 - BDE47 with tides; row 4 - BDE47

without tides.

In the absence of tides, winter wind-driven short-term resuspension events result in ex-
ceptionally high dissolved POP concentrations during spring, occurring before the phy-
toplankton bloom. Due to the lack of organic matter and well-mixed conditions, atmo-
spheric POPs entering the water column contribute to the POP f ree fraction and distribute
throughout the water column.

Although the pattern of pollutant adsorbed on POM is similar for PFOA, it exhibits its
peak concentration with the first phytoplankton bloom in May (Figure 23a5). This phe-
nomenon is attributed to the overall higher concentration of PFOA in the dissolved form
during the winter, which subsequently adsorbs onto the first freshly produced detritus
(Figure 26, column b). The higher dissolved concentration of PFOA is associated with its
greater affinity for water compared to the other four POPs and its lower diffusive outflux
back to the atmosphere, which occurs only via SSA.
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Figure 26: Results of PFOA class simulations in NNS: column a - atmospheric flux of PFOA (pg
m−2 s−1); column b - freely dissolved PFOA f ree (pg m−3; column c - PFOADOM (pg m−3); row 1 -
results for PFOA with tides; row 2 - PFOA without tides.

The difference in POP concentrations between the two simulation scenarios is illustrated
in Figure 27. In the tidal scenario, resuspension prevents pollutants from accumulating
in sediment (refer to Figure 23). The surface mixed layer does not reach the bottom, re-
sulting in a decrease in OM content before the spring bloom. Consequently, tidal activity
reduces the concentration of freely dissolved POPs in the Northern North Sea in March
and April. This effect is prominently observed for all PCBs and BDEs. However, BDEs,
being heavier, are less prone to release from the water column via diffusive exchange. The
increased resuspension in January in the no-tide scenario introduces additional OM into
the water column, thereby removing freely dissolved BDEs. As a result, dissolved BDE
concentrations decrease during the winter compared to the tidal scenario (refer to Figure
27,a1,b1). Similar trends are observed for PCB28, primarily due to its exceptionally high
dissolved concentration (refer to Figure 27,b2). PCB153, characterized by lower concentra-
tions and a high affinity to POM, exhibits an overall decrease in dissolved concentration in
the tidal scenario (refer to Figure 27,b1). The higher content of dissolved PFOA in the wa-
ter column does not have additional OM to partition with in the tidal scenario, allowing
it to remain dissolved during the winter season, thus increasing PFOA f ree concentration
(refer to Figure 27,c1). However, enhanced OM production significantly reduces PFOA
in dissolved form, converting it into PFOAPOM . Nevertheless, for all POPs, the increased
content of DOM leads to a short but pronounced increase in POP f ree in July. Tidal activ-
ity does not affect the production of BDE-OH in this region.
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Figure 27: Differences in dissolved POP concentration (pg m−3) between tide–no-tide scenarios
for NNS region: 1a - BDE209; 1b - BDE47; 1c - BDE-OH; 2a - PCB153; 2b - PCB28; 3a - PFOA.

2. Permanently Mixed — Southern North Sea (SNS)

In the Southern North Sea (SNS), the tidal amplitude range is higher than in the North-
ern North Sea, and the water column is shallower (41.5 m). Consequently, under these
conditions, the bottom mixed layer even reaches the surface mixed layer during the sum-
mer months (refer to Figure 281a), resulting in the entire water column being mixed from
surface to bottom. In contrast, without tides, the water column becomes stratified during
summer (see Figure 282a).

Figure 28: Conditions of the Northern North Sea (NNS) for 2 scenarios: column a - TLS (m);
column b - DOM (mgC m−3); column c - POM (mgC m−3); row 1 - with tides (SML and BML
(bottom mixed layer) meet during summer season — water column is permanently mixed); row
2 - without tides.

In the tidal scenario, nutrients resuspended from the sediment enhance biological produc-
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tion at the subsurface layer, thereby increasing the content of organic matter (OM) in the
water column. Additionally, OM from the sediment is mixed all the way to the surface (see
Figure 28, columns b and c). Consequently, there is an abundance of OM throughout the
year, leading to decreased concentrations of dissolved POP f ree and increased atmospheric
influx. Essentially, the tides alter the equilibrium between the atmosphere and ocean, re-
sulting in higher POP concentrations in the water. Furthermore, due to the continuous
mixing, tides prevent significant sedimentation (refer to Figure 29, column b).

Figure 29: Results of simulations for all POPs related to POM in SNS: column a - POPPOM tide
scenario (pg m−3); b - sediment concentration of POP tide scenario (pg m−2); c - POPPOM no-tide
scenario (pg m−3); d - sediment concentration of POP no-tide scenario (pg m−2);row 1 - BDE209;
row 2 - BDE47; row 3 - PCB153; row 4 - PCB28; row 5 - PFOA.

The first notable peak in POPPOM concentration in the tidal scenario occurs for all pollu-
tants in April-May (refer to Figure 29, column a). The initial concentration is correlated
with the dissolved concentration of the respective POP in the system over the winter pe-
riod, with PFOA exhibiting the highest concentration (see Figure 29,5a). PCB153, pos-
sessing the highest affinity to POM, experiences a peak later in the late spring season (in
May) (see Figure 29,3a), attributed to the increased atmospheric ’pump’ coinciding with
the removal of winter PCB153 f ree from the water column during the first phytoplankton
bloom. With the augmented inflow of atmospheric PCB153, it directly accumulates due to
the high content of freshly produced POM at the surface. Conversely, BDE47 exhibits its
highest concentrations on detritus during the summer months (refer to Figure 29,2a). This
phenomenon is driven by the pollutant’s high atmospheric concentration, its inability to
undergo outflux from the water column back to the atmosphere, resulting in elevated con-
centrations of BDE47DOM (see Figure 30,3c). With desorption and remineralization from
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DOM, freshly released BDE47 f ree binds directly to resuspended POM in the system.

Figure 30: Results of BDE class simulations in SNS: column a - atmospheric flux of BDE (pg m−2

s−1); column b - freely dissolved BDE f ree (pg m−3; column c - BDEDOM (pg m−3); row 1 - results
for BDE209 with tides; row 2 - BDE209 without tides; row 3 - BDE47 with tides; row 4 - BDE47

without tides.

In contrast, in the no-tide scenario, the initial peak of POPPOM is observed in January
(refer to Figure 29, column c). This occurrence is triggered by intensified turbulence dur-
ing a short period (see Figure 28,2a), leading to the release of additional POM into the
water column, which absorbs dissolved pollutants. From April to August, in the strati-
fied system, pollutants from the atmosphere bind with fresh detritus, transporting POPs
to the sediments. Variations in concentrations are attributed to the specific properties of
each POP and differences in atmospheric concentrations. During the summer season, all
POPPOM accumulate in the sediment pool (refer to Figure 29, column d). In December,
increased mixing releases all pollutants stored in the sediment, contributing to another
peak of high POPPOM concentrations.

There is a distinct seasonality in POP f ree concentrations, exhibiting a similar pattern in
both scenarios for all POPs (refer to Figure 30, 31, 32, column b). When productivity halts
in autumn and remaining OM remineralizes, absorbed pollutants in POPPOM are released
back into the dissolved phase. Consequently, POP f ree concentrations, nearly depleted
by the end of summer, begin to accumulate again (refer to Figure 30, 31, 32, column b).
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POP f ree peaks the following year when fresh OM is produced anew. This peak is more
pronounced in the tidal scenario due to the higher content of POPPOM and the smoother
turbulent regime during winter, without pronounced high-intensity mixing events.

Figure 31: Results of PCB class simulations in SNS: column a - atmospheric flux of PCB (pg m−2

s−1); column b - freely dissolved PCB f ree (pg m−3; column c - PCBDOM (pg m−3); row 1 - results
for PCB153 with tides; row 2 - PCB153 without tides; row 3 - PCB28 with tides; row 4 - PCB28

without tides.

In regions characterized by high PFOA deposition rates and abundant DOM content,
PFOADOM is detected in substantial concentrations, exceeding 2000 pgm−3 in both sce-
narios (refer to Figure 32, column c). Towards the end of May through June, the SML
undergoes a decline attributed to low wind speeds, resulting in the disruption between
the SML and BML. With the elevated production of DOM, newly deposited PFOA pre-
dominantly binds directly to it. Furthermore, in the absence of resuspended POM, DOM
becomes the primary organic matrix available for POP accumulation. However, this phe-
nomenon is observed in both tidal and non-tidal scenarios across all POPs. The remarkably
high concentrations of PFOA are primarily influenced by low wind speeds. Since PFOA
is primarily influenced by SSA formation as the main pathway for outflux from water to
atmosphere, under conditions of low wind speed and high deposition, PFOA accumulates
in the water column at elevated concentrations.
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Figure 32: Results of PFOA class simulations in SNS: column a - atmospheric flux of PFOA (pg
m−2 s−1); column b - freely dissolved PFOA f ree (pg m−3; column c - PFOADOM (pg m−3); row 1 -
results for PFOA with tides; row 2 - PFOA without tides.

To summarize, tidal activity enhances the overall load of POPs and particularly increases
the concentration of bioavailable POP f ree by introducing additional organic matter through
sediment resuspension. This organic matter, whether directly from sediments or indirectly
through increased nutrient levels driving primary production, contributes to the retention
of pollutants in the ocean. As POPs adsorbed onto organic matter gradually release into
a dissolved form, POP f ree concentrations steadily rise over time. This phenomenon is no-
ticeable across all pollutants, particularly during the winter season (see Figure 33).

Figure 33: Differences in dissolved POP concentration (pg m−3) between tide–no-tide scenarios
for SNS region: 1a - BDE209; 1b - BDE47; 1c - BDE-OH; 2a - PCB153; 2b - PCB28; 3a - PFOA.

In regions with increased biological production, a higher organic matter content accu-
mulates POPs from their dissolved form, while elevated water column turbidity prevents
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these pollutants from settling into the sediment. Both dissolved organic matter and de-
tritus gradually release POPs back into the dissolved phase during remineralization. Con-
sequently, in the SNS, the concentration of free POPs increases in the presence of tidal
forces compared to scenarios without tides (Figure 33). During the initial phytoplankton
bloom, dissolved POPs transition to the particulate organic matter matrix. The decline in
POP concentrations observed in June and Autumn correlates with changes in OM distri-
bution, as increased turbidity leads to the mixing of pollutants previously confined to the
surface mixed layer (SML) throughout the water column in scenarios with tidal influence.

Notably, the concentration of BDE47 experiences a significant increase in dissolved pol-
lutants in June in tidal scenarios (Figure 33,1b). This phenomenon is driven by the high
deposition of BDE47, its inability to return to the atmosphere, and its direct interaction
with the abundant DOM. Consequently, dissolved concentrations rise in early June due to
heightened atmospheric inflow, followed by further increases in late June to July via rem-
ineralization from DOM. Interestingly, the production of BDE-OH remains unaffected by
tides in this region.

In the Southern North Sea, tidal activity leads to an increase in the concentration of dis-
solved forms of all five pollutants during the first four months of the year. Conversely,
in the Northern North Sea, except for PFOA, most pollutants experience a decrease in
April. By June, the scenario reverses: in the SNS, tides reduce the concentration of free
POPs (with the exception of BDE47), while in the NNS, the opposite occurs. Overall, the
variations in free POP concentrations are more pronounced in the SNS region, exceeding
1000 pg m−3 compared to around 300 pg m−3 in the NNS.

4.3 Changes in aquatic POPs distribution under the conditions of enchanced
nitrate concentrations

The biological pump stands as a pivotal determinant in shaping the destiny of hydropho-
bic pollutants within marine ecosystems [Daewel et al., 2020]. This mechanism predominantly
hinges on biological productivity, intricately intertwined with nutrient abundance in the en-
vironment. Elevated nutrient levels foster heightened concentrations of organic matter, thus
catalyzing biological production. This study endeavors to explore the intricate interplay among
nitrate (NO3) levels, biological productivity, and their consequential influence on the ultimate
fate of POPs.

Over the course of the last three decades, there has been a noticeable decline of approxi-
mately 20% in the nitrogen load entering the Baltic Sea, stemming from both riverine influx and
atmospheric deposition [Lønborg and Markager, 2021]. The actual nitrate (NO3) production
varies across regions, contingent upon the prevailing biological processes orchestrating nutrient
equilibrium. However, for the purposes of this investigation, which delves into the trajectory of
POPs under varying biological scenarios, a uniform augmentation of 20% in NO3 levels has been
assumed across all simulated regions. Consequently, the system’s response to extant POPs con-
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centrations has been scrutinized, mirroring the broad trends of biological productivity prevalent
during the 1990s.

4.3.1 Gotland Basin - the stratified region of high nutrient content and UV irradiation

Initially, nitrate (NO3) plays a pivotal role in regulating the production of organic matter in
marine environment. The presence of hydrophobic organic pollutants is intricately linked to the
quantity of OM within the system. Pollutants with a strong affinity to accumulate on particulate
organic matter (detritus) are likely to exhibit higher concentrations in sediment. When the sys-
tem undergoes heightened biological production due to elevated nitrate levels, it isolates more
of these pollutants, effectively removing them from the water column through sedimentation.
This process influences the atmospheric flux, resulting in an increased transfer of POPs from the
atmosphere to the water column. This phenomenon is notably evident with higher substituted
congeners such as BDE209 and PCB153.

The hydrodynamic dynamics within the Gotland Basin establish conditions where dissolved
organic matter and newly introduced dissolved POPs remain distinct from pollutants adhering
to detritus. Despite the region boasting high biological productivity, the absence of resuspended
detritus at the surface layer facilitates substantial UV irradiation. This phenomenon is attributed
to enhanced light penetration facilitated by the basin’s lower latitude relative to the Bothnian
region.

In regions like the Gotland Basin, increased organic matter production due to high nitrate
content results in a generally high flux of pollutants into the aquatic system. This leads to in-
creased concentrations in the water column and especially in the sediment (Figure 34, columns
b and d).
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Figure 34: Differences in simulation between high-normal NO3 levels in Gotland Basin: column
a,c - differences in atmospheric flux, simulations of 20 year and 3 year (pg m−2 s−1); column b,d
- differences in dissolved concentrations of POP simulations of 20 year and 3 year(pg m−3); row
1 - BDE209; row 2 - BDE47; row 3 - BDE-OH; row 4 - PCB153; row 5 - PCB28; row 6 - PFOA.

The Gotland Basin is characterized by a deep water column and clear stratification, which
diminishes the impact of POM on dissolved pollutants. When detritus is produced, it sinks,
carrying all adsorbed POPs away from the surface layer. However, atmospheric input of POPs
and biological production occur in the surface layer, leading to an overall increase in dissolved
concentrations of all POPs (Figure 34, columns b and d).

In years with particularly high OM production (e.g., 1999, Figure 34, column d), detritus and
DOM remove some dissolved POPs, resulting in decreased dissolved concentrations (Figure 35,
column d). This effect is most pronounced for pollutants with the highest affinity for POM or
DOM, such as PCBs and BDE47 (Figure 34, d2, d4, d5). In years with lower bioproduction (e.g.,
2000, Figure 34, column d), the opposite effect occurs, with increased dissolved concentrations
of all five POPs.

In 1999, high NO3 levels contributed to an early phytoplankton bloom, increasing OM pro-
duction early in the year (Figure 35, column d). This OM removed dissolved POPs mixed within
the SML during winter. In contrast, in 2000, a late cyanobacteria bloom increased POM pro-
duction, allowing pollutants to accumulate in the dissolved phase throughout the year, with
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concentrations dropping in August (Figure 34, column d).

With increased concentrations of BDEs in the system, the production of BDE-OH also rises
(Figure 34, 3b, 3d). Initially, the increased inflow of atmospheric pollutants serves as the limiting
factor in the system. However, over time, the increased production of OM shifts the balance of
factors influencing BDE-OH formation. Although high OM content enhances the diffusive flux
from the atmosphere (Figure 34, 1a, 2a) and high NO3 levels boost OH radical production, it
also reduces the amount of UV light in the surface water layer. Consequently, after 17 years (by
2008), UV irradiation becomes the limiting factor in BDE-OH formation (Figure 34, 3b). As a
result, although BDE-OH concentrations increase in the water column, after 17 years of elevated
NO3 concentrations, the BDE-OH concentration in the SML decreases, removing this dangerous
pollutant from the zone of biological production.

Figure 35: Differences in simulation between high-normal NO3 levels in Gotland Basin: column
a,c - differences in concentrations of POP on POM (pg m−3); columnb,d - differences in sediment
concentrations of POP (pg m−2); row 1 - BDE209; row 2 - BDE47; row 3 - PCB153; row 4 - PCB28;
row 5 - PFOA.

Changes in sediment concentrations are influenced by shifts in POM production within the
system (Figure 35). In years when bioproduction is enhanced early in the year, the sediment con-
centration of POPs also increases early, with a ratio shift towards HSCs (Figure 35, 1d, 2d, 3d,
4d). Later in the year, the concentrations of all POPs in sediment decrease more gradually over
a longer time frame (Figure 35, column d; year 1999). The total annual concentration of POPs
in this region does not change significantly, but there is a noticeable shift in the distribution
pattern.
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In years with reversed OM production patterns, the decrease in sediment concentration early
in the year shows a sharp pattern (e.g., May 2000), followed by a sharp increase in concentration.
The pool of dissolved POPs increases during these years due to higher atmospheric input from
the previous year and release from DOM via remineralization (Figure 34, columns c and d). The
late bloom of cyanobacteria is less pronounced but extends over a longer period. This results in
a less intense peak of OM production compared to the previous year, but it is sustained over a
longer time frame. Consequently, pollutants on POM accumulate more slowly but over an ex-
tended period, leading to less intense but prolonged accumulation of all five POPs in sediment
in 2000 (Figure 34, column d). As a result, the total concentration of all POPs in sediment in-
creases compared to the previous year, with a dynamic rise in sediment pollutant content later
in the year (Figure 34, column d; August-December 2000).

4.3.2 Bothnian Bay - the region of low UV irradiation and winter sea ice coverage

The Bothnian Bay, located considerably farther north than the Gotland Basin, is character-
ized by distinct environmental factors. These include diminished UV irradiation owing to higher
latitudes, lower atmospheric concentrations of persistent organic pollutants, the occurrence of
sea ice formation, and heightened turbulence within the aquatic regime. Each of these system
parameters exerts discernible effects on both biological productivity and the fate of POPs within
the marine ecosystem. The interplay of factors such as elevated nitrate concentrations, prevailing
mixing regimes, and the presence of sea ice governs the dynamics of organic matter production.
Consequently, these factors collectively shape the distribution patterns of POPs throughout the
marine environment.

The intense mixing regime in Bothnian Bay creates conditions where resuspended detritus
from sediment interferes with areas of biological production, leading to increased sorption of
pollutants on detritus throughout the year. Winter sea ice hampers the exchange of aquatic
POPs with the atmosphere, resulting in reduced inflow and, consequently, a decrease in their
overall total concentration (Figure 36, column b). This trend is particularly pronounced for the
BDE and PCB classes. In the case of PFOA, sea ice restricts aerosol formation, thereby decreasing
the outflow of dissolved PFOA back to the atmosphere. Consequently, the input of atmospheric
pollutants to the water column increases, leading to a rise in dissolved PFOA concentration as
well (Figure 36, a6, b6).

Although the total concentration of dissolved PFOA in the water column is slightly higher
with a higher content of organic matter in the system, during the summer phytoplankton blooms,
surface concentrations decrease for all POPs, including PFOA (Figure 36, column d). The most
significant decreases in dissolved POP concentrations are observed for LSCs. With a mixture of
higher content of both POM and DOM within the water column, more LSCs have the chance
to sorb on detritus, leading to an increase in the concentration of these POPs in sediment over
time (Figure 37, column b). Additionally, with low atmospheric concentrations and sea ice, the
outflow of POPs from the water column decreases, especially for light, mobile PCB28, reducing
its diffusive atmospheric flux (Figure 37, 4b; Figure 36, 5a).
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The chosen persistent organic pollutants persistently accumulate on dissolved organic mat-
ter and/or particulate organic matter. The dissolved fraction of these pollutants is orders of
magnitude lower compared to the Gotland Basin. An increase in nitrate leads to a higher rate of
pollutant partitioning to organic matter, creating space for new atmospheric POPs to enter the
water column. However, due to low atmospheric concentrations, the direction of the diffusive
pump at the air-sea border does not change significantly. While this process is similar to that in
the Gotland Basin, it is constrained by sea ice formation, which limits the exchange of aquatic
POPs with the atmosphere.

Figure 36: Differences in simulation between high-normal NO3 levels in Bothnian Bay: column
a,c - differences in atmospheric flux (pg m−2 s−1); column b,d - differences in dissolved concen-
trations of POP (pg m−3); row 1 - BDE209; row 2 - BDE47; row 3 - BDE-OH; row 4 - PCB153; row
5 - PCB28; row 6 - PFOA.

Similar to the dynamics of POPs on detritus in the Gotland Basin region, here, a higher
amount of POM early in the year increases the sorption of POPs earlier in the year and decreases
later (Figure 37, column c). This effect is more pronounced for HSCs, which have a higher affin-
ity for detritus. This results in a shift in the accumulation pattern in sediment, increasing the
HSC content in early summer. Since BDEs have the lowest atmospheric concentrations in this
region and cannot be released back into the atmosphere, the increased OM content in the system
does not make a significant difference in their concentrations on POM and in sediment (Figure
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37, 1c, 2c, 1d, 2d).

The dynamics in sediment distribution change for PCBs that are more oriented towards OM.
However, due to the low POP concentrations in the system, these changes do not have a wide-
ranging impact (Figure 37, 3c, 3c, 4d, 4d).

With increased dissolved concentrations of PFOA, the rates of sorption and desorption on
detritus also rise. With the altered pattern of bioproduction and high dissolved PFOA content,
concentrations of PFOAPOM increase early in May (refer to Figure 37,5c; May). Due to high
bottom mixing in summer, the distribution pattern of POPPOM concentrations in the bottom
mixed layer is less distinct than at the surface. Increased availability of nitrate leads to a generally
sharper pattern in OM production, which, in turn, decreases POPPOM in June. With the bloom
of cyanobacteria in August-September, more dissolved PFOA binds with detritus, leading to a
second peak in PFOAPOM concentration (refer to Figure 37,5c; August-September). Over the
years, this change in OM production pattern and high bottom resuspension not only alter the
dynamics in sediment concentration of PFOA but also decrease it over time (Figure 37,5b). This
is attributed to the higher affinity of PFOA to water and its higher concentration in the dissolved
phase.

Figure 37: Differences in simulation between high-normal NO3 levels in Bothnian Bay: column
a,c - differences in concentrations of POP on POM (pg m−3); columnb,d - differences in sediment
concentrations of POP (pg m−2); row 1 - BDE209; row 2 - BDE47; row 3 - PCB153; row 4 - PCB28;
row 5 - PFOA.

In summary, the higher content of NO3 in the water column in Bothnian Bay leads to a de-
crease in the concentration of dissolved BDEs and PCBs due to a shift in distribution between
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phases, with more hydrophobic POPs attaching to detritus. For LSC PCB28, this change in con-
ditions results in a higher ability to bind with POM, leading to an increase in the sediment
concentration of this congener. However, the dynamics of PFOA present the opposite picture.
Due to its low affinity for diffusive flux and restricted outflux with sea salt aerosols in winter,
PFOA accumulates in the water column over time. Higher dissolved concentration also leads
to an increase in sorption on initially developed POM, with slight decreases occurring between
phytoplankton blooms. Low wind speeds in the summer season result in higher deposition, and
with remineralization from dissolved organic matter, PFOA concentrations on POM increase
even further with cyanobacteria blooms later in the year.

For all POPs, an increase in NO3 concentrations leads to shifts in the temporal distribution
of pollutants in sediment.

Furthermore, due to the decrease in dissolved concentrations of BDEs and low UV irradiance
levels in the water column, BDE-OH concentrations decrease compared to scenarios with normal
nutrient content.

4.3.3 Northern North Sea - seasonally stratified area of high nutrients content and UV irra-
diation

Despite the stratification characteristic of the North North Sea during the summer season,
the region experiences bottom mixing, which prevents organic matter and pollutants from ac-
cumulating in the sediments throughout the year. The system’s high nutrient content drives
substantial biological production. However, the stratified water column in summer limits the
ability of resuspended particulate organic matter to reach areas of active biological production.
Under these conditions, elevated nitrate levels in the system further stimulate OM production.
Additionally, the region is subject to high wind speeds, which influence the exchange of dissolved
pollutants with the atmosphere. Furthermore, the North Sea is exposed to elevated atmospheric
concentrations of POPs due to its proximity to industrial sources in surrounding countries.

Similar to the Bothnian Bay case, here increased content of OM shifts the ration between
dissolved phase and sorbed on detritus. For NNS, not only detritus, but also DOM plays impor-
tant role in pollutant distribution. Resuspended along with water column high content of POM
insures the long storage of POPs on this matrix, however it is spread within water column. This
can be observed in decreasing of POP f ree concentration for all five POPs (Figure 38, column b,d).
In opposite to Bothnian Bay, here high wind speed and absance of sea ice provide substantial rate
of SSA formation, insuring an outflux of PFOA from the system (Figure 38,6a). Atmospheric
flux slightly increases over time of phytoplankton blooms. With time, when pollutants are re-
leased from DOM, it shortly increases dissolved concentration of PFOA, impacting removal of
it with aerosol formation. Similar to the scenario in the Bothnian Bay, the increased content of
organic matter in the North North Sea shifts the balance between pollutants in the dissolved
phase and those sorbed onto detritus. In the NNS, both detritus and DOM play crucial roles in
the distribution of pollutants. The resuspension of particulate organic matter throughout the
water column ensures the prolonged storage of POPs within this matrix, although it becomes
distributed throughout the water column. This distribution results in a decrease in the freely
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dissolved concentrations of all five POPs (Figure 38, columns b and d).

In contrast to the Bothnian Bay, the NNS experiences high wind speeds and lacks sea ice,
which facilitates a substantial rate of sea-spray aerosol formation. This dynamic ensures an ef-
fective outflux of PFOA from the system (Figure 38, 6a). The atmospheric flux of pollutants in-
creases slightly during phytoplankton blooms. Over time, as pollutants are released from DOM,
there is a brief increase in the dissolved concentration of PFOA, enhancing its removal via aerosol
formation (Figure 38,6c,6d). For other POPs, remineralization from DOM leads to less pro-
nounced negative variations compared to the normal nitrate content scenario.

Under conditions of decreased concentrations of dissolved BDEs, the concentration of BDE-
OH also declines (Figure 38,3b,3d). The formation of BDE-OH is dependent on the production
of OH radicals, UV irradiation, and the concentration of the parent POPs, restricting its for-
mation to the surface mixed layer. However, due to the winter mixing regime, BDE-OH from
the SML is dispersed throughout the entire water column. This results in the distribution of
BDE-OH across the full depth of the water column, unlike the Gotland area where BDE-OH
was confined to the surface. In the scenario with elevated nitrate levels, the concentration of
BDE-OH decreases throughout the entire water column.
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Figure 38: Differences in simulation between high-normal NO3 levels in Northern North Sea
location: column a,c - differences in atmospheric flux (pg m−2 s−1); columnb,d - differences in
dissolved concentrations of POP (pg m−3); row 1 - BDE209; row 2 - BDE47; row 3 - BDE-OH; row
4 - PCB153; row 5 - PCB28; row 6 - PFOA.

Tidal activity in the NNS injects additional kinetic energy into the bottom mixed layer, pre-
venting POPs from settling into sediment. The physical conditions in this region play a more
significant role in determining the fate of OM and associated POPs than biological processes.
Since POPs cannot be stored in sediment, the additional OM in the system, due to increased
nitrate levels, does not alter the sedimentation pattern in the NNS (Figure 39, columns b and d).
Instead, it influences the flux of POPPOM to and from the sediment, which is related to shifts in
biological production. This, in turn, affects the temporal distribution of POP-POM in the water
column.

In general, a higher content of detritus in the system alters the distribution of POPs between
the dissolved and particulate phases in the water column. This trend is consistently observed
across all simulated regions, including the NNS (Figure 39, column a). The presence of more
detritus enhances the sorption of POPs onto particulate matter, thereby reducing their concen-
tration in the dissolved phase.

Importantly, this dynamic fluctuates from year to year, altering the OM content in the sys-
tem. In some years, increased nitrate levels have little impact on pollutant content on detritus
(Figure 39, column c; year 1999). In other years, changes in biological dynamics lead to ef-
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fects similar to those observed in previous regions, with high detritus content early in the year
removing dissolved pollutants. This results in decreased concentrations of POPPOM with the
subsequent phytoplankton bloom. However, later in the year, remineralized POPs from DOM
become a source for a late POPPOM peak (Figure 39, column c; year 2000).

For PCB28, which has elevated concentrations in this region (see section 4.2), the higher
amount of detritus in the system helps to stabilize the system by decreasing dissolved PCB28

concentration and reducing its outflux back to the atmosphere. This stabilization is evidenced
by the increased sorption of PCB28 onto particulate organic matter, leading to a permanent rise
in PCB28POM concentration, as shown in Figure 39, 4a and 4c. Over time, this increased concen-
tration also enhances the exchange of PCB28POM with sediments, elevating the flux between the
water column and sediment (Figure 39,4b).

PFOA associated with POM exhibits higher fluctuations in this region due to the elevated
organic matter content. Generally, PFOA deposition is high in the North Sea, leading to ele-
vated dissolved concentrations. With an increased POM content in the system, more dissolved
POPs rapidly accumulate on the condensed, high amount of detritus. This, in turn, reduces the
availability of dissolved PFOA for accumulation during late OM blooms. Since PFOA is not sig-
nificantly affected by diffusive atmospheric flux, the decrease in dissolved concentrations does
not substantially increase the atmospheric influx of PFOA into the water column but rather de-
creases its removal via aerosol formation. The final peak in PFOA associated with POM in the
year 2000 (Figure 39, 5c) is attributed to an increase in dissolved pollutants resulting from DOM
remineralization.

89



Figure 39: Differences in simulation between high-normal NO3 levels in Northern North Sea
location: column a,c - differences in concentrations of POP on POM (pg m−3); columnb,d -
differences in sediment concentrations of POP (pg m−2); row 1 - BDE209; row 2 - BDE47; row 3 -
PCB153; row 4 - PCB28; row 5 - PFOA.

In summary, elevated nitrate concentrations in the Northern North Sea lead to a decrease
in the dissolved concentrations of all persistent organic pollutants, shifting the balance towards
pollutants sorbed in detritus (POPPOM ). The continuous turbulence in the bottom mixed layer
prevents the accumulation of pollutants in the sediment, and increased organic matter content
only affects the fluxes between POPPOM and the sediment.

4.3.4 Southern North Sea - shallow permanently mixed region with high UV irradiation and
high biological production

The southern North Sea is characterized by its shallow water depth and abundant nutrient
content, which fosters significant bioproduction. Tidal activity notably enhances bottom mix-
ing in this region, and due to its limited depth, this phenomenon leads to interference between
the Bottom Mixed Layer and Surface Mixed Layer. In an environment enriched with nitrate, this
region experiences heightened bioproduction even in scenarios without elevated nitrate levels.
Consequently, the distribution of pollutants between organic matter and the dissolved phase is
established. Although increased nitrate levels augment the OM content in the system, they do
not alter the temporal production dynamics.

Overall, the increased organic matter content in the system exhibits a similar effect on the
fate of dissolved pollutants as observed in previous cases - concentrations tend to decrease (Fig-
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ure 40, column b). Despite the high atmospheric concentrations of all POPs in the Southern
North Sea, the additional OM in the water column does not significantly alter the diffusive
pump mechanism (Figure 40, column a). However, a clear seasonality is evident in the case of
heavy brominated flame retardants (BDEs) (Figure 40, 1c,2c). With a higher amount of OM
present in the system, the overall decrease in atmospheric flux is less pronounced.

Although the overall dissolved concentrations of the five POPs decreased, there were specific
years where all of them exhibited temporary increases. In 1999, the surface mixed layer experi-
enced reduced turbulent kinetic energy due to slower wind speeds. This created conditions where
the SML and BML briefly separated. The presence of a high amount of nutrients and increased
light led to a surge in biological production, and consequently, an increase in organic matter
content. Lower substituted congeners, which have a higher tendency to sorb onto DOM, accu-
mulated on it. Over time, remineralization caused their release from DOM. All these pollutants
remained dissolved in the surface layer, leading to increased concentrations of BDE47 f reefree and
PCB28 f ree (Figure 40, columns 2d and 5d). BDE47, having a lower atmospheric input compared to
PCB28, was absorbed by DOM without significant changes in BDE47POM concentrations (Figure
41, column 2c). In contrast, PCB28 is more mobile both within aquatic phases and at the air-
water interface. This mobility means that differences in concentrations between air and water
intensified the diffusive pump, leading to periods of elevated PCB28 influx from the atmosphere
when dissolved concentrations were particularly low (Figure 40, column 5c). Additionally, this
process increased the concentration of PCB28 on detritus (Figure 41, column 4c).

Highly substituted congeners HSCs and PFOA exhibit a stronger affinity for particulate or-
ganic matter. This characteristic significantly influences their accumulation on detritus and their
dissolved concentrations in the subsequent year, 2000 (Figure 40, columns 1d, 4d, 6d; Figure 41,
columns 1c, 3c, 5c). The year 2000 is patterned by increased wind speeds and elevated turbid-
ity throughout the entire year. These conditions made POM more accessible to atmospheric
pollutants and facilitated the accumulation of available dissolved POPs throughout the entire
water column. Initially, this led to an increase in POPPOM concentrations. However, through
the process of remineralization, the dissolved concentrations of these pollutants also rose for a
brief period (Figure 40, columns 1d, 4d, 6d; year 2000).
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Figure 40: Differences in simulation between high-normal NO3 levels in Southern North Sea:
column a,c - differences in atmospheric flux (pg m−2 s−1); columnb,d - differences in dissolved
concentrations of POP (pg m−3); row 1 - BDE209; row 2 - BDE47; row 3 - BDE-OH; row 4 - PCB153;
row 5 - PCB28; row 6 - PFOA.

Following the examples of previous regions, the high bottom mixing in the southern North
Sea prevents the accumulation of sediments. Consequently, all changes in POP concentrations in
sediments primarily reflect variations in detritus concentration. The increased POM content as-
sociated with pollutants results in elevated fluxes to the sedimentation pool (Figure 41, columns
b and d).

Although increased nitrate content in this region generally does not impact changes in POPPOM

concentrations and decreases dissolved concentrations of the five POPs, it has an interesting ef-
fect on the production of BDE-OH.

Changes in NO3 content in aquatic systems have a profound impact on the fate of POPs be-
yond just the elevated content of organic matter matrices. An increase in nitrate concentration
also affects photolytic processes. As the water column accumulates more organic matter parti-
cles, there is less light available for photolysis. Higher NO3 values lead to a decrease in direct
UV irradiation, which affects all photon fluxes in the system, primarily impacting direct pho-
tolysis. Consequently, pollutant molecules receive less energy and fewer photons, resulting in a
decreased rate of transformation.
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However, the SNS is characterized by high turbidity and elevated biological production,
which hinders light penetration. This means that even without extra nitrate, photon flux is low
here, leading to a lower rate of photolytic processes.

From another perspective, high levels of DOM and nitrate NO3 can promote the generation
of hydroxyl radicals OH.. Although photon flux decreases, high concentrations of photoreactive
species enhance the rate of indirect photolysis. Consequently, the formation of the previously
mentioned BDE-OH also increases with high concentrations of extremely reactive OH radicals.

Following a period of intense mixing in 1999, the introduction of additional nitrate ceased
to influence bioproduction or alter the concentration of POPPOM . However, within this sce-
nario, the excess nitrate within the system affects the photolysis of BDE, shifting it from direct
photolytical debromination towards indirect photolytical hydroxylation, thereby leading to the
formation of BDE-OH. Since the nitrate remains unused for bioproduction, it persists within
the system, thereby amplifying the production of OH radicals. This sequence of events results
in an increase in toxic BDE-OH concentrations in southern North Sea region (Figure 40, 3b).

Figure 41: Differences in simulation between high-normal NO3 levels in Southern North Sea
location: column a,c - differences in concentrations of POP on POM (pg m−3); columnb,d -
differences in sediment concentrations of POP (pg m−2); row 1 - BDE209; row 2 - BDE47; row 3 -
PCB153; row 4 - PCB28; row 5 - PFOA.

In regions with high nutrient content, increased nitrate levels lead to a decrease in the dis-
solved concentration of POPs due to the higher availability of organic matter. However, the
high turbidity in these regions evens out POPPOM concentrations throughout the year, resulting
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in less pronounced pattern differences. During years of intense mixing, concentrations of higher
substituted congeners BDE209 and PCB153, and PFOA in both dissolved form and on detritus
increase. Conversely, for lower substituted congeners BDE47 and PCB28, dissolved concentra-
tions rise due to their release from DOM during years characterized by less intense mixing and
brief disruptions between the SML and BML.

Given the high turbidity of the water column and limited UV irradiation in both scenar-
ios, additional organic matter does not significantly impact light penetration. Over time, the
high nitrate content, not utilized by biota, increases the OH radical concentration in the system.
This becomes a limiting factor for BDE-OH production. As a result, although BDE-OH con-
centrations were initially lower, they increase over time, making this region more hazardous for
the bioaccumulation of toxic pollutants. Under an intense mixing regime, these toxic BDE-OH
compounds remain dispersed throughout the water column year-round.
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5 Summary and Conclusions
The behavior of persistent organic pollutants (POPs) in aquatic environments is influenced

by the specific chemical properties of the individual pollutant, as well as the hydrodynamic and
biogeochemical conditions of the region. In this study, I developed and employed a novel model
to simulate the environmental fate of five different POPs from three distinct classes across five
representative coastal regions, each with individual hydrodynamic and biogeochemical regimes.
The primary objective of this research is to gain a comprehensive understanding of how chemical,
physical, and biological factors impact the behavior of POPs, and to assess the system’s response
to changes in specific parameters.

A significant outcome of this thesis is the development of a novel model for simulating the
behavior of various POPs in the marine environment. The model has been rigorously tested and
was published in 2022 [Mikheeva et al., 2022]. For this study, the model was coupled to the hy-
drodynamic model GOTM (General Ocean Turbulence Model) and the biogeochemical NPZD
(Nutrients, Phytoplankton, Zooplankton, Detritus) model ECOSMO. The GOTM model ef-
fectively represents the relevant hydrodynamic and thermodynamic processes associated with
vertical turbulent mixing in a 1D framework, while ECOSMO captures the complex ecosys-
tem dynamics and organic matter production in the water column. Additionally, the chemical
module integrated into the model accounts for the detailed characteristics of each pollutant,
including atmospheric and sedimentary diffusive exchange, as well as the parameters governing
sorption, degradation, and transformation processes.

This study addresses three key research questions posed at the beginning of the thesis. To
briefly recap, the research questions are:

1. How do the specific chemical properties of each pollutant influence their distribution
throughout the water column?

2. To what extent do the hydrodynamic conditions of the selected region impact the fate of
various classes of persistent organic pollutants?

3. How does a change in nitrate concentration influence the fate of POPs in the aquatic
environment?

The following section provides a detailed summary of the overall findings and conclusions
of each research question.

5.1 RQ1: The environmental fate of specific POP congeners
In addressing the first research question, we examined the differences in behavior among

specific pollutants. Using identical conditions in the Gotland region and maintaining the same
concentration levels, we analyzed the variations in pollutant accumulation and their distribu-
tion patterns. The Gotland Basin was selected for its unique environmental conditions. Those
conditions include stratified waters, high biological productivity, and low turbulence, which
together provide an ideal setting for analyzing pollutant behavior across different environmen-
tal compartments. The study explores how pollutants interact with particulate and dissolved
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organic matter, how they accumulate in sediments, and how they are exchanged between the
atmosphere and the water column.

In the aquatic environment, different POPs exhibit distinct distribution patterns based on
their chemical properties. These variations are evident even at low concentration levels and
among different congeners within the same class of pollutants. Such differences underscore the
complexity of pollutant behavior in aquatic systems and highlight the importance of considering
specific chemical properties when studying their distribution and impact.

Polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) classes are
both highly hydrophobic and share a wide range of properties, resulting in similar behavioral
patterns. Lower substituted congeners (LSCs) tend to accumulate on particulate organic matter
(POM) at a slower rate but continue to do so over an extended period of time. In contrast, higher
substituted congeners (HSCs) rapidly bind to detritus. Differences in sorption/desorption pro-
cesses dictate the final phase distribution of these POPs. HSCs prevail in the detritus-bound
phase, while LSCs have higher concentrations associated with dissolved organic matter (DOM).
Additionally, the intensity of diffusive atmospheric flux is linked to the mass of the POPs, lead-
ing to an increase in the outflux of POPs from the water column to the atmosphere in the order:
BDE209 < BDE47 < PCB153 < PCB28.

This variation in binding behavior leads to differences in sediment accumulation over time,
thereby influencing the seasonal distribution patterns of these pollutants. HSCs dominate as the
primary pollutants early in the year due to their fast binding affinity, leading to a higher initial
concentration in sediments. However, as the year progresses, the steady accumulation of LSCs
causes their levels in the sediment to gradually increase, eventually surpassing those of HSCs.
This temporal shift highlights the dynamic nature of pollutant distribution and the varying im-
pacts of LSCs and HSCs throughout the year.

Perfluorooctanoic acid (PFOA) exhibits a distinct behavior compared to other pollutants.
PFOA exhibits a partitioning behavior similar to HSCs. However, it lacks diffusive atmospheric
exchange but is released into the atmosphere through the formation of sea spray aerosols (SSA).
Consequently, PFOA outflux from the system is predominantly influenced by wind speed, lead-
ing to enhanced PFOA concentrations in the water column compared to other POPs. While the
release process depends on the concentration of PFOA, it is predominantly driven by wind speed.
The formation of SSA significantly enhances the atmospheric deposition of PFOA, leading to
elevated concentrations across various environmental matrices. Due to its tendency to dissociate
in the water column, PFOA preferentially remains in the aquatic environment.

This study concludes that the distribution patterns of POPs in marine environments are in-
tricately influenced by their specific chemical properties and the environmental conditions of
the region. The unique physico-chemical characteristics of each pollutant play a crucial role in
determining their distribution across different phases within the water column. By employing
a kinetic partitioning approach, the study highlights the variations in pollutant accumulation
behavior between dissolved and particulate organic matrices. This partitioning process not only
affects the concentrations of pollutants within the aquatic environment but also influences their
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temporal accumulation patterns in the sediment. Additionally, the study demonstrates that the
specific properties of each POP govern their exchange with the atmosphere. Hydrophobic pol-
lutants, which are accessible to diffusive exchange, exhibit a greater propensity for outflux back
into the atmosphere. In contrast, the outflux of pollutants with surfactant properties is primar-
ily regulated by wind speed at the water surface. Through the simulation of these processes, the
research provides valuable insights into how different physico-chemical factors shape the fate of
POPs in marine environments, emphasizing the importance of incorporating these variables in
environmental modeling efforts.

5.2 RQ2: Hydrodynamic Impacts on the Fate of hydrophobic POPs in the
Marine Environment

To address the second research question, the model was used to evaluate the fate of 5 differ-
ent POPs under a variety of hydrophysical and biological conditions in different locations of the
North and Baltic Seas.

In the northern part of the Baltic Sea, which is seasonally covered by sea ice, the atmospheric
influx is blocked. Little primary production and turbulent mixing in winter season lead to dis-
solved POPs being evenly distributed in the beginning of the year with short window with no
pollutants in dissolved form from the end of June to October. Elevated concentration in the
surface layer during this period related to remineralisation from DOM. Elevated concentrations
of PFOA can be explained by low outflux via SSA formation due to low wind and ice coverage.

In the deep Baltic basin, the water column is permanently stratified, with an oxic surface layer
and an anoxic deep layer. With the onset of primary production in May, all five POPs become
bound to particulate organic matter, which then settles with the organic particles. Beginning
in August or September, the atmospheric influx of POPs gradually increases in concentration
within the lighter surface layer. At the same time, the dissolved concentrations of pollutants
rise due to the remineralization of DOM, a process particularly pronounced for LSCs like BDE47

and PCB28. Additionally, the dissolved concentration of PFOA in the surface layer increases,
primarily due to limited formation of SSA, a consequence of low salinity and restricted wind
speed.

In the Northern North Sea, the water column is stratified during the summer and autumn
and becomes mixed during the winter and spring. In summer, high biological production leads
to dissolved pollutants binding to dissolved and particulate organic carbon, a process similar to
that observed in the Gotland Deep. However, in winter, the deepening mixed layer dilutes POPs
in the surface layer by spreading them over a larger volume. During this period, atmospheric
POPs are introduced into the ocean. In spring, when the water column is fully mixed, pollutants
that settled in the previous year are resuspended and evenly distributed throughout the water
column until stratification and production cycles resume.

In the Southern North Sea, which remains well-mixed year-round, POPs are uniformly dis-
tributed throughout the water column. In summer, the surface layer is almost depleted of dis-
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solved POPs, leading to a significant atmospheric influx and resuspension events, which can
temporarily triple the total amount of POPs, particularly LSCs. The outflux of BDEs from the
water column to the atmosphere is limited by their high molecular weight, causing them to ac-
cumulate in resuspended phases, both bound to organic matter and dissolved. PCBs exhibit
a similar, though less pronounced, effect. The complete release of POPs from sediments back
into the water column raises water concentrations and reduces the water column’s capacity for
diffusive gaseous uptake from the atmosphere. In this region, high wind speed, elevated water
concentrations, and salinity (compared to the Baltic Sea) enhance the SSA outflux of PFOA.
This pattern also applies to POPs entering the area from rivers.

This work established that the two primary driving processes of POPs fate in coastal water
column are biological production and vertical mixing. Firstly, high biological production binds
all simulated dissolved POPs to organic matter. This particulate organic matter then drives sed-
imentation, reducing the surface concentrations of POPs. The combination of reduced total
POPs and a smaller fraction of total PCB in the dissolved phase alters the concentration gradi-
ent between the atmosphere and ocean, thereby increasing the atmospheric POP flux into the
ocean. This process exhibits a similar nature for both PCB and BDE classes, which defines the
general pattern of their distribution. However, differences in sorption/desorption processes dic-
tate the final distribution of these POPs between different phases (dissolved, on DOM and on
POM). HSCs prevail in the detritus-bound phase, while LSCs have higher concentrations asso-
ciated with DOM.

Secondly, vertical mixing, which depends on tides, bathymetry, and wind regime, determined
whether sedimentation is permanent, seasonal, or negligible. Regions of permanent sedimenta-
tion, such as the deep basins in the Baltic Sea, can be a major sink for POPs, and thus are an
important factor when determining long-range transport from the coast to remote regions. In
regions with seasonal sedimentation, we found that, typically, POPs are sedimented after the
initial primary production peak and released in winter and spring. This leads to an enormous
increase in bioavailable dissolved POP concentrations right at the onset of early primary produc-
tion. Therefore, it has a major impact on the bioaccumulation of POPs. Here, we found that the
underlying hydrodynamic characteristics strongly influence the fate and transport of POPs in
the water column, the benthic–pelagic coupling and exchange as well as the uptake to or release
from the atmosphere. In the coastal ocean, pronounced tides have a strong impact on vertical
mixing and the stability of the summer stratified surface layer. Thus, implementing realistic tides
and interactive benthic–pelagic coupling is vital to correctly reproduce vertical mixing and thus
the fate of POP in shelf seas.

In addition, the impact of tides on POP concentrations exhibits seasonal variation in the
Northern and Southern North Seas. In the Northern North Sea, tidal activity results in an in-
crease in POP concentrations during early autumn, driven by enhanced DOM production. Con-
versely, a slight decrease is observed in late spring to early summer, likely due to the presence
of resuspended detritus, which facilitates the removal of dissolved pollutants. In the Southern
North Sea, POP concentrations generally rise in the first half of the year, followed by a decline
from late autumn to early winter, influenced by the consistent availability of OM throughout
the year. Across both regions, tides have a more significant effect on LSCs compared to HSCs,
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with the impact being particularly pronounced for the more water-soluble PFOA.

Figure 42: Summary picture of total PCB153 concentrations and budgets for a – Gotland Basin,
b – Southern North Sea (with tides) and c – Northern North Sea (with tides) locations.

The final summary of budgets is presented for PCB153, representing an average pollutant
across all simulations. Although the values for other pollutants vary, the overall pattern remains
consistent. In the Gotland Basin, the model predicts an annual atmospheric influx of 320 pg
m−3 of PCB, which is primarily transported to the sediment, with a significant initial deposition
flux occurring in June (Figure 42a). In contrast, the Northern and Southern North Seas lack
sediment deposition, preventing the storage of these pollutants in the sediments. On average,
273 pg m−3 of PCB is transported from the atmosphere to the ocean in the Northern North
Sea (Figure 42b), and 1200 pg m−3 in the Southern North Sea (Figure 42c). These PCBs, along
with any additional sources such as rivers, are subsequently advected toward the Atlantic Ocean.
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5.3 RQ3: Changes in aquatic POPs distribution under the conditions of en-
chanced nitrate concentrations

In addressing the third research question, we investigated the differences between scenarios
of enhanced nitrate levels, increased by 20%, versus normal concentrations. We ran the model
for each scenario across four setups in the North and Baltic Seas to examine the effects of varying
nitrate levels under different hydrodynamic and biogeochemical conditions.

As previously discussed, the biological pump plays a pivotal role in shaping the fate of POPs
in the marine environment. The amount and type of organic matter present directly influence
the distribution pathways of POPs, particularly those that are highly hydrophobic. This process
is intrinsically linked to the nutrient levels within the system, as higher nutrient concentrations
stimulate the production of organic matter, which in turn impacts POP partitioning.

Specifically, elevated nitrate (NO3) concentrations lead to increased production of organic
matter, which binds to POPs and facilitates their removal from the dissolved phase. However,
this also results in a greater proportion of POPs being associated with DOM, effectively main-
taining their presence in the dissolved state. As the water becomes enriched with POPs, the
atmospheric input of these pollutants diminishes, regardless of the concentrations in the atmo-
sphere.

High levels of DOM and nitrate can promote the production of hydroxyl radicals (OH·),
which in turn enhances the rate of indirect photolysis. This process significantly influences the
pathways of photolytic transformations of POPs. While the increased presence of hydroxyl rad-
icals facilitates the formation of hydroxylated byproducts during photolysis, the extent of this
transformation is still primarily governed by the initial concentrations of the parent POP com-
pounds.

The behavior of POPs under elevated nitrate concentrations exhibits significant variability
depending on the hydrophysical conditions of the region. This variability is observed across
different types of stratification: permanently stratified regions, such as the Gotland Basin; sea-
sonally stratified regions, including the Bothnian Bay and Northern North Sea locations; and
permanently mixed regions, like the Southern North Sea. The strong influence of the region’s
physical characteristics on the biogeochemical processes within the water column underlies this
variation, highlighting the interconnectedness of physical and biogeochemical dynamics in de-
termining the fate of POPs under changing environmental conditions.

In regions with strong stratification, such as the Gotland Basin, the overall dissolved concen-
tration of POPs tends to increase with rising nitrate levels. The elevated dissolved concentration
accelerates partitioning processes, leading to an earlier accumulation of POPs on OM and a
subsequent decrease later in the year. The significant depth of the Gotland Basin allows for a
portion of POPs bound to detritus to be rapidly removed from the surface layer. Sedimentation
processes in this region are particularly robust, resulting in substantial accumulation of POPs in
the sediment layer and thus contributing to long-term storage. However, POPs bound to DOM
remain within the surface mixed layer, and as DOM undergoes remineralization, the dissolved
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POP concentration slowly increases over time.

The increase in dissolved POP concentrations also influences the production of hydroxylated
byproducts such as BDE-OH. While a high DOM content contributes to the formation of hy-
droxyl radicals, beyond a certain threshold, DOM begins to have an opposing effect by reducing
the amount of light available in surface waters, thereby limiting photolytic processes.

In regions where mixing regimes enable organic matter stored in sediments to reach the sur-
face mixed layer, dissolved concentrations of all POPs tend to decrease with increasing nitrate
levels. This decrease is attributed to the higher availability of organic matter for partitioning,
which leads to an increase in pollutants bound to detritus. This effect is evident in both North
Sea regions and in the Bothnian Bay of the Baltic Sea. However, in the Bothnian Bay, ice cover-
age restricts the exchange of POPs with the atmosphere, resulting in a less pronounced decrease
compared to the North Sea regions. Additionally, for PFOA, low wind speeds and surface salin-
ity inhibit its removal from the water via sea spray aerosols, leading to an increase in its dissolved
concentration.

In the seasonally mixed area of Bothnian Bay, the rate of indirect photolysis does not increase
dramatically due to low irradiation input, ice coverage, and shading of photon flux by perma-
nently mixed POM. For Bothnian Bay and NNS, the reduced dissolved concentration remains a
limiting factor, leading to a decrease in BDE-OH production.

In the permanently mixed Southern North Sea, enhanced nitrate concentrations generally
result in a decrease in dissolved POP concentrations, with localized increases caused by the rem-
ineralization of organic matter. Specifically, DOM leads to higher concentrations of LSCs, while
POM increases the concentrations of HSCs and PFOA. However, due to the presence of sus-
pended organic matter throughout the year, even without enhanced nitrate levels, light penetra-
tion in this region is limited. This limitation shifts the factors influencing the process of indirect
photolysis. Initially, lower dissolved concentrations are the primary factor in BDE-OH forma-
tion. However, over time, the increased rate of OH radical formation due to enhanced nitrate
levels leads to a rise in the production of hydroxylated congeners.
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