DOCTORAL THESIS

Pathways and Distribution of
Microplastic in the Eastern
Baltic Sea

Arun Mishra

TALLINNA TEHNIKAULIKOOL
TALLINN UNIVERSITY OF TECHNOLOGY
TALLINN 2025



TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
36/2025

Pathways and Distribution of Microplastic
in the Eastern Baltic Sea

ARUN MISHRA



TALLINN UNIVERSITY OF TECHNOLOGY
School of Science
Department of Marine Systems

This dissertation was accepted for the defence of the degree of Doctor of Philosophy
(Oceanography and Meteorology) 07/05/2025

Supervisor: Dr. Germo Vili
Department of Marine Systems,
School of Science
Tallinn University of Technology
Tallinn, Estonia

Co-supervisor: Dr. Taavi Liblik
Department of Marine Systems,
School of Science
Tallinn University of Technology
Tallinn, Estonia

Opponents: Dr. Jens Murawski
Department of Weather Research
Danish Meteorological Institute
Copenhagen, Denmark

Dr. Margit Heinlaan

National Institute of Chemical Physics and Biophysics
Laboratory of Environmental Toxicology

Tallinn, Estonia

Defence of the thesis: 13/06/2025, Tallinn

Declaration:

Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology has not been submitted
for doctoral or equivalent academic degree.

Arun Mishra

* * %
* *
* *
* *
* % * J
) ——>

European Union Investing
European Regional in your future
Development Fund

signature

Copyright: Arun Mishra, 2025

ISSN 2585-6898 (publication)

ISBN 978-9916-80-311-0 (publication)

ISSN 2585-6901 (PDF)

ISBN 978-9916-80-312-7 (PDF)

DOI https://doi.org/10.23658/taltech.36/2025
Printed by Koopia Niini & Rauam

Mishra, A. (2025). Pathways and Distribution of Microplastic in the Eastern Baltic Sea [TalTech
Press]. https://doi.org/10.23658/taltech.36/2025


https://digikogu.taltech.ee/et/Item/926a58d0-78e8-4c52-9df7-8fad0dbfdc4c

TALLINNA TEHNIKAULIKOOL
DOKTORITOO
36/2025

Mikroplasti levik ja jaotused Lianemere
idaosas

ARUN MISHRA






Contents

List Of PUBIICATIONS ..ot 6
Author’s Contribution to the PUblications .........ccceeeeviriiniineneeeece e, 7
ADBDBIEVIATIONS ... e e 8
L INErOAUCTION .ottt e e s e et e st e e sbeesabeeeaneeeas 9

1.1 General overview of plastic pollution

1.2 Sources of microplastics.......ccccveeeercierciieciireseeecieens
1.3 Overview of the Eastern Baltic SEa......cccoevrereeireeineerereeeeee e
1.4 Modelling the pathways Of MIP.........cc.coiiriiiieececeeee et 11
1.5 Aim and objectives of the StUdY .........cceieeieeiii e 11
2 Materials and Methods.........cooeeriiiiiiinieceeee e s 13
2.1 Hydrodynamic model and SETUP .....cceeeiieeiiiecieceecee ettt e 13
2.2 Lagrangian particle MOEl..........oouiiiiieeiieceecece ettt 14
2.3 MP sampling and sample ProCessiNg ......ccccoveeveeeereecieneereeieseeseeeeseesae e sseeseesanens 15
2.4 Statistical analysis and calculations ..........ccceeciieciiecie e 15
2.5 Emission scenarios — Microplastic sources and emission calculations...................... 16
2.6 Processes governing the MP transSport.......c..coeeeciecciiecceieceeccee ettt 17
3 RESUIES & DiSCUSSION ....ceiuiiiiiieiiiiesiie ettt ettt ettt et e bt e e bt e saeesbae e sbeeebeeesneeeanes 19
3.1 Spatial variability Of IMP .......cuiiieieececeeeeeee e 19
B0 L SUITACE ettt e et 19
3.1.2 Water column and s€abed.........ccocerierienieiiniieeeeee e 22
3.1.3 Particle distribution along coastling .........cccccveeeeiiieeccciie e 26
3.2 Temporal variability Of IMIP .........cccuiiiiieieceeeee ettt et eebee e 27
3.2.1 Inter-annual variability and seasonal variability..........ccccoeeeeiiiieeiciee e, 27
3.2.2 Short-term variability ........coocoiiiiii e 30
4 CONCIUSIONS <.ttt ettt ettt ettt r e e san e s aeesaeesbeenneenneenneeneesnnenreens 35
REFEIENCES ...ttt s st st r et 37
ADSTIACE 1.ttt e ar e e ane e nnee s 47
Kokkuvote

Appendix..........
Curriculum Vitae

01T o (T g =] Lo LU SRR



List of Publications

The present Ph.D. thesis is based on the following publications that are referred to in the
text by Roman numbers:

| Mishra A., Buhhalko N., Lind K., Lips I., Liblik T., Vali G., et al. (2022). Spatiotemporal
variability of microplastics in the Eastern Baltic Sea. Front. Mar. Sci. 9. doi:
10.3389/fmars.2022.875984

Il Mishra A, Siht E, Vali G, Liblik T, Buhhalko N and Lips U (2025). Mapping microplastic
pathways and accumulation zones in the Gulf of Finland, Baltic Sea — insights from
modeling. Front. Mar. Sci. 11:1524585. doi: 10.3389/fmars.2024.1524585

Il Siht E., Vali G., Liblik T., Mishra A., Buhhalko N., Lips U. (2025). Modeling the
pathways of microplastics in the Gulf of Finland, Baltic Sea - sensitivity of
parametrizations. Ocean Dynamics. Ocean Dynamics 75, 9. doi: 10.1007/s10236-
024-01649-0



Author’s Contribution to the Publications

The author contributed to conducting field experiments and performed data
analysis, interpretation, and visualization of the results. The manuscript was
primarily written by the author with valuable input from co-authors.

The author was responsible for setting up the model experiment with realistic loads
and analysed, interpreted, and visualized the data. The manuscript was primarily
written by the author with valuable input from co-authors.

The author contributed to finding the parameterizations for processes and
contributed to the analysis of the data and writing the manuscript.



Abbreviations

ANOVA
EGB
EMODnet
EU
FABM
GETM
GoF
GoR
GOTM
HELCOM
MFSD
MP
NBP

PE

PET

PP

PvC
STD

VS
WGB
WWTPs

Analysis of Variance

Eastern Gotland Basin

European Marine Observation and Data Network
European Union

Framework Aquatic Biogeochemical Models
General Estuarine Transport Model
Gulf of Finland

Gulf of Riga

General Ocean Turbulence Model
Helsinki Commission

Marine Strategy Framework Directive
Microplastics

Northern Baltic Proper

Polyethylene

Polyethylene Terephthalate
Polypropylene

Polyvinyl Chloride

Standard deviation

Vdinameri Sea

Western Gotland Basin

Waste Water Treatment Plants



1 Introduction

1.1 General overview of plastic pollution

Plastic pollution is a problem affecting today’s marine environment. Plastics, due to their
low cost and high durability are important in our lives. The significant increase in plastic
production over the past five to six decades have raised numerous concerns about plastic
waste in general, and about its impact in the aquatic environment. Recent studies have
estimated that over 170 trillion plastic particles, weighing approximately 2.3 million
tonnes, are floating in the world’s oceans (Eriksen et al., 2013, 2023), and their presence
is increasing in the seabed, coastlines and in marine biota (e.g Barnes et al., 2009; Suaria
and Aliani, 2014, Llorca et al., 2020; Matjasic¢ et al., 2023). Despite substantial efforts and
several initiatives taken to control the use of plastics, the global annual plastic waste
production is still projected to continue rising in the coming years. This has been
recognized by the United Nations and their sustainable development goal 14.1 aims to
reduce the marine pollution, including plastics, by 2025 (United Nations, 2015).

The Marine Strategy Framework Directive (MFSD; 2008/56/EC, European Commission,
2008) identified anthropogenic litter as a pressure on coastal habitats. The MSFD sets
guidelines for the European Union (EU) member states to achieve good environmental
status in their marine environments and to prevent any future deterioration including the
MSFD descriptor D10 (“Properties and quantities of marine litter do not cause harm to
the coastal and marine environment”). In 2021, the EU also banned single-use plastics
within its associated member states (Harvey and Watts, 2018).

Microplastics (MP) are defined as plastics less than 5mm in diameter (e.g. Arthur et al.,
2009; Cole et al., 2011). MPs are either manufactured as microscopic particles found in
personal care products (primary MPs) or derived from fragmentation of large particles
(secondary MPs). Secondary MPs are also formed by degradation of improperly disposed
plastics waste, tire abrasion, and washing of synthetic textiles. The MP debris found in
the aquatic environment are mainly due to inappropriate human behaviour and improper
waste management. MP particles are categorized under different shape classes: fragments,
films, filaments, foams, and pellets (GESAMP, 2019).

1.2 Sources of microplastics

Plastic can penetrate the marine environment via multiple entry points including riverine
systems, coastal activities, shipping, and atmospheric deposition (GESAMP, 2019), so it is
paramount to understand different MP’s sources and pathways to prevent plastics from
entering the ecosystem (He et al.,, 2019). Wastewater Treatment Plants (WWTPs) are
considered as one of the major emission pathways to the aquatic environment (e.g.
Ziajahromi et al., 2016; Mintenig et al., 2017; Kay et al., 2018; Prata, 2018; Schernewski
et al., 2020). High MP concentrations were reported for untreated WWTP effluents
(e.g. Sun et al., 2019; Schernewski et al., 2020). However, WWTPs, where wastewater is
treated, could be efficient in removing MP (e.g. Carr et al., 2016; Talvitie et al., 2017; Gies
et al., 2018). In the Baltic Sea, the MP retention (removal efficiency) was assumed to
range between 85% and 98% based on different treatment stages in WWTPs (Baresel and
Olshammar, 2019). Despite this good overall removal efficiency, WWTPs are still
considered a significant source of MP to the Baltic Sea due to the substantial volume of
water being treated (Baresel and Olshammar, 2019). The wastewater and stormwater
plants are usually not interlinked in the Baltic Sea area (Schernewski et al., 2020). During



heavy precipitation, sewer overflows which consist of both stormwater and untreated
wastewater can act as a critical gateway for MP into the aquatic environment (e.g.
Magnusson, 2016; Dris et al., 2018). Baresel and Olshammar (2019) suggest that the
annual discharge from the sewer flows is comparable in magnitude to that of treated
wastewater.

Rivers also play a critical role in the transport of MP into oceans as outlined in a
number of studies (e.g. Jambeck et al., 2015; Siegfried et al., 2017; Schrank et al., 2022;
Veerasingam et al., 2016). It is estimated that annually, between 1.15 and 2.41 million
tons of plastics enters to oceans via rivers. The high variability of MPs seen in the water
column and sediments depends on the factors such as anthropogenic activities, and size
of the catchment area (e.g. Matjasic et al., 2023). River retention is considered in some
studies based on particle size and density (e.g. Kooi and Koelmans, 2019), but some
studies do not consider the retention in rivers at all (e.g. Schernewski et al., 2020, 2021).
For instance, it has been estimated that the MP retention in the Warnow River estuary
ranges between 50% and 90% (Piehl et al., 2021).

1.3 Overview of the Eastern Baltic Sea

The Baltic Sea, located in the northern Europe, is a semi-enclosed brackish water sea with
limited water exchange to the North Sea via the Danish Straits. With a catchment area
four times bigger than surface area (372,858 km?) and an average depth of 55 m,
the Baltic Sea is one of the largest brackish water bodies in the world (HELCOM 2023).
The Baltic Sea, faces significant challenges related to marine litter (HELCOM 2023). Beach
litter is found in significant amounts along the coastal areas of the Baltic Sea (HELCOM
2023). Plastic materials are the most frequently found marine litter in the Baltic Sea
(HELCOM 2023). Therefore, it is reasonable to assume that the Baltic Sea serves as a
major hotspot for MP, mainly through river discharge and freshwater input. The HELCOM's
aim to reduce the plastics waste and mitigation strategies used to counter the harmful
effects on coastal and marine environment remains unfulfilled, as of 2023 (HELCOM 2023).

The average annual riverine runoff to the Baltic Sea is approximately 14,100 m3/s
(e.g. Meier and Kauker, 2003). The water renewal time of the Baltic is approximately
30 years. The long residence time, small volume of the sea in combination with large
catchment area and high population density makes the Baltic Sea highly vulnerable for
pollution.

The Baltic Proper (BP) is the central basin of the Baltic Sea, encompassing the Northern
Baltic Proper (NBP), Western Gotland Basin (WGB), and Eastern Gotland Basin (EGB)
(Figure 1A). The BP has a surface area of approximately 211,069 km? and a mean depth
of 62 m.

The Gulf of Finland (GoF) is an estuary-type basin located in the northeastern part of
the Baltic Sea with an average depth of 37 m and a maximum depth of 123 m (Leppéranta
and Myrberg, 2009). The gulf is about 400 km in length, and width varies between 48 and
135 km (Alenius et al., 1998). Compared with other regions of the sea, the water
exchange between GoF and NBP is not restricted at the western border and the
freshwater is mostly discharged to the eastern part of the GoF.

The Gulf of Riga (GoR) covering an area of 140 km from west to east and 150 km from
south to north is a semi-enclosed sub-basin (Suursaar et al., 2002) along with the other
small sub-basin Vdinameri Sea (VS) with a surface area of 2,243 km? (Suursaar et al., 2003).
The average depths of GoR and VS are 23 m and 4.7 m, respectively.
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Only few studies have described the MP distributions in the eastern Baltic Sea
(e.g. Lips et al., 2020; Setala et al., 2016; Uurasjarvi et al., 2021). However, the knowledge
of spatiotemporal variability of MPs in the Baltic Sea is still limited due to lack of regular
observations and uncertainties in simulations (She et al., 2022).

1.4 Modelling the pathways of MP

Modelling the fate and transport of MP in the marine environment has become an
important tool to predict the accumulation areas of the debris (Tsiaras et al., 2021).
Generally, two types of models are commonly used to estimate the MP pathways.
The first type are Eulerian models which consider advection and diffusion at specific
locations (e.g. Osinski et al., 2020; Schernewski et al., 2021; Frishfelds et al., 2022) and
the second type are Lagrangian particle tracking models which can simulate the pathways
of individual particles (e.g. Van Sebille et al., 2018). Among the two types, Lagrangian
models are preferred to be more suitable for MP simulations. This is because they solve
transport equations for the particles being tracked, unlike Eulerian models, which solve
equations for the entire grid. In addition, Lagrangian models are also efficient, flexible
and provide faster computation (Van Sebille et al., 2018; Lobelle et al.,, 2021).
For instance, Parn et al. (2023) used a combination of hydrodynamic and Lagrangian
particle tracking model to track the fate and movement of floating litter in the Baltic Sea.
Osinski et al. (2020) and Schernewski et al. (2020) have used GETM (General Estuarine
Transport Model) ocean circulation model in combination with an Eulerian approach in
their studies to analyze the MP transport in the Baltic Sea. In the eastern GoF, Martyanov
et al. (2023) considered different fall velocities of suspended plastics to study the
distribution of MP in the vicinity of Neva River using the Massachusetts Institute of
Technology general circulation model (MITgecm). Schernewski et al. (2020) have utilized
emission scenarios from the WWTPs and combined sewerage plants as an input to their
model in the whole Baltic Sea. Biofouling as an important sink has not been considered
in all the modelling studies. For instance, in the Baltic Sea only Martyanov et al. (2021),
Frishfelds et al. (2022) and Murawski et al. (2022) used biofouling to increase the settling
velocity of MP particles, while Osinski et al. (2020) and Schernewski et al. (2020) did not
include the biofouling process. In the Mediterranean Sea, Tsiaras et al. (2021) used
bacterial species concentration to parameterize biofilm growth, following the approach
of Chubarenko et al. (2022), while in the North Sea, Cuttat (2018) employed the Kooi
biofouling parametrization from dolly ropes.

1.5 Aim and objectives of the study

The main aim of this thesis is to investigate the spatial distribution, transport pathways
and accumulation of MPs in the eastern Baltic Sea, with a specific focus on the GoF.
By integrating high-resolution modelling and observational data, this research seeks to
enhance our understanding of MP’s behaviour in the marine environment and provide
this information for future mitigation strategies to tackle the MP problem in the marine
environment. This includes also examining the combined effects of key processes, such
as advection, diffusion, biofouling, and resuspension on MP pathways and accumulation.

There are four main objectives covered in this thesis.

The first objective is to characterize the spatial and temporal variability of MP across
the eastern Baltic Sea, with specific attention to seasonal changes, regional differences,
and composition of particles in terms of type, size and colour.
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The second objective is to understand the pathways and accumulation areas of MPs,
including the sea surface, water column, seabed and beaches.

The third objective is to identify the influence of various physical and particle-related
processes, such as advection, diffusion, resuspension, beaching and biofouling in
determining the distribution, transport and fate of MPs.

The fourth objective is to investigate the contribution of wind-induced mixing and
mesoscale processes, such as coastal upwelling, downwelling, surface water convergence
and divergence to the short-term fluctuations in MP concentration and distribution in the
GoF.

Through these objectives, the thesis aims to improve the understanding of the factors
influencing the MP distribution and their accumulation in the eastern Baltic Sea.
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2 Materials and Methods

2.1 Hydrodynamic model and setup

The General Estuarine Transport Model (GETM; Burchard and Bolding, 2002) has been
utilized for this thesis to simulate the current, temperature, and salinity fields of the Baltic
Sea and more specifically, in the GoF. GETM is a hydrostatic, three-dimensional primitive
equation model that incorporates adaptive vertical coordinates (Hofmeister et al., 2010;
Klingbeil et al., 2018), which have shown to significantly reduce the numerical mixing in
the simulations (Gréawe et al., 2015). The vertical mixing in GETM is provided by coupling
it with the General Ocean Turbulence Model (GOTM; Burchard, 2001) and more
specifically, we have used a two-equation k-& scheme (Canuto et al., 2001). Sub-grid
horizontal mixing (viscosity for momentum and diffusion for tracers) is computed using
the Smagorinsky parameterization (Smagorinsky, 1963).

The biogeochemical model ERGOM (e.g. Neumann et al.,, 2002; Neumann and
Schernewski, 2008) is coupled with the hydrodynamic model via Framework Aquatic
Biogeochemical Models (FABM; Briiggemann and Bolding, 2016) and was used to
calculate the chlorophyll-a (CHLA) concentrations in the GoF. ERGOM has 12 state variables
and describes a nitrogen and phosphorus cycle, although part of the phosphorus is
considered with the N:P ratio (Redfield, 1934). The CHLA can be calculated from the
simulated phytoplankton concentrations. More details about the latest version of the
ERGOM model can be found from (Neumann et al., 2022).

The hydrophysical and biogeochemical part in this thesis has been calculated with a
one-way nested model system. The entire Baltic Sea was simulated using a horizontal grid
step of 1 nautical mile (approximately 1852 m) and 50 adaptive vertical layers (Grawe
et al., 2015). Boundary conditions in the Kattegat were derived from sea surface
observations at the Gothenburg Torshamnen station, which describe the barotropic
water exchange between the Baltic Sea and the North Sea. A medium resolution model,
based on the settings described in Zhurbas et al. (2018) and Liblik et al. (2020, 2022) has
a horizontal grid spacing of 0.5 nautical miles (approximately 1 km) and covers the central
BP along with the GoF and GoR. Temperature, salinity, and current velocity components
from the coarse-resolution model, with an hourly resolution, were spatially interpolated
and applied at the open boundaries of the medium-resolution model.

The high-resolution model domain covers the GoF and has a horizontal grid spacing of
0.125 nautical miles (approximately 250 m), which is high enough to permit also
sub-mesoscale processes (e.g. Lips et al., 2016a; Salm et al., 2025). Similar to the
medium-resolution nesting, boundary conditions for the high-resolution model were
provided using spatially interpolated results with hourly resolution from the
medium-resolution model. Both the medium- and high-resolution simulations employed
60 adaptive vertical layers.

Atmospheric forcing at the sea surface (wind stress and heat flux) is calculated offline
from the ERAS5 re-analysis (Hersbach et al., 2020). Freshwater input to the models is
based on the runoff data compiled for the Baltic Model Intercomparison Project
(Groger et al., 2022) by Vili et al. (2019) and Estonian rivers have been corrected by the
input estimates from EstModel (https://estmodel.app/en/#/estimates, last access
13.02.2025).

Initial temperature and salinity fields for the coarse-resolution model were taken from
the Copernicus Marine Service re-analysis product for 2009-12-30. The medium- and
high-resolution models are using the results from the coarse- and medium-resolution
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runs, respectively. The high-resolution model was used for the period from late 2018 to
mid-2021. The runs are initially started from motionless state i.e. current velocity
components and sea surface height set to zero. Previous studies have indicated that the
adjustment of the wind-driven circulation in the numerical models of the Baltic Sea
occurs within a few days (e.g. Krauss and Briigge, 1991; Lips et al., 2016b).

A more detailed description of the model setup and validation is provided in Papers I
and IIl.

2.2 Lagrangian particle model

To track the virtual MP particles, we used the Lagrangian particle model, as presented in
Paper Ill. The particle tracking model used 3D hydrodynamic fields from the GETM setup,
which were saved at 12-hour intervals for particle transport. In addition to advection and
sinking of particles, the model accounted for several additional processes important for
MP tracking: 1) dispersion, 2) beaching, 3) biofouling, and 4) resuspension.

The horizontal diffusion for particle dispersion was based on the current shear
velocity, following the Smagorinsky method (Smagorinsky, 1963) and the constant
coefficient Cs was set to 0.2.

Beaching was modelled using a timer-based approach, where particles were classified
as beached after spending a specified duration of time in the beach zone. In the realistic
simulation (Paper Il), a uniform beaching time of 10 days was applied to all particle types
although the sensitivity was tested with various beaching times as described in Paper Ill.
The beach zone was defined as the sea cell closest to the land (i.e., 250m). Resuspension
of particles from the beach zone was excluded from the simulations, meaning that once
the particle was beached, it remained still and was effectively removed from further
tracking. By assuming finite beaching, the model reflects real-world observations that a
significant portion of MPs, particularly lightweight particles, remain retained on beaches
due to limited resuspension under normal conditions. For example, MP concentrations
on Baltic Sea beaches have been reported to range from 0.31 to 11.7 particles per
kilogram of dry sediment (Dimante-Deimantovica et al., 2023).

Biofouling was described as a saturated growth process that depended on the
maximum biofilm thickness and the growth time scale, following the approach of
Murawski et al. (2022). The biofouling process was initiated when the chlorophyll-a
concentration exceeded 1.1 mg m™. In the current simulations, the maximum biofilm
thickness was set to 6.7% of the initial particle radius, and the growth duration was set
to 20 days. Biofouling impacts the buoyancy of particles by increasing their mass due to
growth of biomass on the particles surface. For example, biofouled particles become
denser, causing them to sink more rapidly than clean particles.

Negatively buoyant particles could settle and were resuspended when the critical
shear velocity was exceeded. The vertical velocity gained from resuspension was set
proportional to the local bottom friction velocity.

The particle tracking model was simulated for the period from 2018-02-05 to
2021-01-01. Particle coordinates were updated at a time step of 600 seconds. At each
time step, the current velocity components and other hydrological parameters were
interpolated in both time and space to match the precise location of the particles and
advection was calculated using the second order Runge-Kutta method following Vali
et al. (2018).
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Approximately 146 million particles were released both from rivers and WWTPs
during the simulation and the Lagrangian particle coordinates were recorded at 12-hour
intervals.

A more detailed description of the Lagrangian particle model setup is provided in
Paper Ill.

2.3 MP sampling and sample processing

Surface water samples were collected using a Manta Trawl with a 330 um mesh, towed
at the surface for 15-60 minutes at ~2knots (Paper I). The samples were rinsed, sieved
(5,000 pm, 1,000 um, and 330 um), and stored in glass jars with formaldehyde (1:100).
When organic material was present it was oxidized with hydrogen peroxide for up to
7 days before vacuum filtration onto glass fiber filter. Filters were dried at 60 °C and
analyzed under a stereomicroscope. MPs were counted, partially photographed, and
tested with hot needle for plastic identification (De Witte et al., 2014).

MPs were categorized as fibers or fragments (including films, foams, and pellets) and
divided into two size classes: 330—-999 um and 1,000-4,999 um (Paper I). Concentrations
were calculated both as counts per cubic meter (counts/m?3; total number of MP divided
by the volume of water sampled) and counts per square meter (counts/m?; total number
of MP divided by the area covered during the sampling). Colors were classified using
the European Marine Observation and Data Network (EMODnet) 8-color scheme (Galgani
etal., 2019), grouping similar colors into categories such as black/gray, white, blue/green,
red/pink, and others.

2.4 Statistical analysis and calculations

To examine the spatial and temporal variability of MPs, a one-way analysis of variance
(ANOVA) was employed. When significant differences were identified, pairwise
comparisons using regression tests were conducted to assess statistical significance, with
a threshold set at 5%.

Additionally, meteorological conditions were incorporated into the analysis by
extracting hourly wind speed components from the ERA-5 reanalysis dataset (Hersbach
et al., 2020). Linear regression analyses were performed to explore the relationship
between MP abundances and wind conditions. Further details are explained in Paper I.

Hydrophysical conditions during sampling dates were evaluated using sea surface
temperature and salinity data derived from long-term model simulations. More details
can be seen in Paper I.

MP concentrations in the surface layer were defined from the sea surface to a
geopotential height of -1m (Paper Il). The water column was defined as extending from
the sea surface to the seabed, with concentrations integrated over the entire column
(Paper Il). Meridionally integrated values represent the temporal average of concentrations
integrated from south to north, effectively describing the cross-sectional profile of the
model domain in the GoF (Paper Il).

To reduce high-frequency variability, all mean concentration fields were spatially
smoothed using a 2.5 km window, corresponding to the local baroclinic Rossby radius of
2-4 km (Alenius et al., 2003). The analysis presented in this thesis is based on two model
years (2019-2020), following a one-year spin-up period.
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2.5 Emission scenarios — Microplastic sources and emission
calculations

The behaviour and distribution of MPs in the marine environment are influenced by their
density. Density plays a crucial role in classifying plastics into two main categories:
floating and sinking types. We specifically focused on polypropylene/polyethylene
(PP/PE) with a density of 960 kg/m?3, which falls within the floating plastic category, and
polyethylene terephthalate (PET) with a density of 1380 kg/m3, classified as a sinking plastic
(Schernewski et al., 2020).

In this thesis, two main MP sources were considered for modelling:

a) MP inputs from WWTPs with estimated loads based on the study by Schernewski
et al. (2020). We considered maximum MP concentrations, and river retention was not
taken into consideration. The MP load into the GoF catchment area was calculated using
the treated wastewater discharge data and particle concentrations in raw water (Figures
1A, B). Further information can be found from Paper II.

b) Rivers were identified as another significant source of MP (Jambeck et al., 2015).
The considered MP amount in rivers (excluding WWTPs contribution) was 35 particles/m?3.
The daily MP load from riverine sources (particles/day) was calculated by multiplying
concentration of 35 particles/m? to the river discharge to the GoF. For more information
regarding MP found in European rivers, please refer to Paper Il.

Besides density, the floating and sinking behaviour of MP is also influenced by their
size and shape. In this thesis, we analysed MPs ranging from 20 to 500 um, categorizing
them into two size classes: 20-200 um and 200-500 um. Following the findings of
Schernewski et al. (2021) and Kuddithamby et al. (2024), it was assumed that 90% of the
MP would fall into the 20-200 um size category.

Emissions from WWTPs and rivers were used as inputs for two main scenario runs.

Scenario 1 focused on PET and PP/PE loads from WWTPs, specifically for the
20-500 um size fraction, further divided into small (20200 um) and large particles
(200-500 pm) for both PET and PP/PE.

Scenario 2 focused on PET and PP/PE loads from rivers, also considering the
20-500 um size fraction, with the same subdivisions as scenario 1.

In total, eight scenarios were simulated, covering two MP types, two size ranges, and
two emission pathways. All scenarios assumed constant daily MP emissions throughout
the simulation period (see Paper Il, Table 1).
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Figure 1 — Panel (A, B) represent a map of the Baltic Sea and a map of the WWTPs (blue dots) and
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location of the open boundary, Gothenburg station marked by the star; panel (C) display the map
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Papers | and II.

2.6 Processes governing the MP transport

The sensitivity of different parameterizations to MP transport was studied in Paper lll.
The summarizing illustration with the impact of processes with contrasting conditions,
which either support or limit the spreading and horizontal transport of the MP, is shown
in Figure 2. In the weak horizontal transport scenario, stronger removal processes, such
as beaching and biofouling, combined with lower diffusion and resuspension, lead to low
surface concentrations and particle accumulation near sources, either along the coast or
in the bottom sediments. This limited transport prevented widespread particle spreading.
Conversely, strong horizontal transport conditions were characterized by lower removal
processes and higher diffusion and resuspension, resulting in a more extensive distribution
of MPs throughout the water column and bottom sediments. These scenarios highlighted
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the interplay between hydrodynamic conditions and removal mechanisms in shaping the
MP pathways and accumulation zones.

The particle budget under weak and strong horizontal transport conditions was also
summarized in Paper Il (see Figure 16). In the case of weak horizontal transport, only 4%
particles remained in the water column by the end of the simulation, a 92% decrease
compared to the reference run, due to enhanced removal processes like beaching (49%
of particles) and settling. In contrast, under strong horizontal transport conditions
remained suspended longer, with 31% fewer settled particles compared to reference run
and only 4% beached. Additionally, strong transport facilitated particle movement toward
the domain boundary at the mouth of the GoF in west, with 11% of particles reaching the
domain boundary compared to just 0.4% under weak transport. These results
emphasized how transport conditions influenced particle retention, dispersion, and
movement within the GoF.
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3 Results & Discussion

3.1 Spatial variability of MP

3.1.1 Surface

Observational results across the eastern Baltic Sea revealed distinct spatial patterns and
considerable variations in MP concentrations (Paper ). The main findings identified three
distinct areas based on MP levels. The first group comprised the BP-GoF region, which
included BP (0.65 counts/m?3) (0.11 counts/m?), GOFW (0.65 counts/m?3) (0.11 counts/m?),
GOFC (0.59 counts/m3) (0.10 counts/m?) and GOFE (0.46 counts/m3) (0.08 counts/m?)
(see Figure 3). The second one was the GoR, with a mean concentration of 0.33 counts/m3
(0.06 counts/m?), and the third one was the VS, which exhibited the lowest mean of
0.11 counts/m? (0.02 counts/m?). The data revealed a high degree of variability in MP
concentrations (STD +0.46 counts/m3) and heterogeneity in their distribution patterns
across the eastern Baltic Sea. The modelling studies focused on the area of highest MP
concentration, i.e. the GoF. The highest mean concentrations were measured in the
GOFW (Figure 4B) near Tallinn, at stations 2 and Pal, 0.74 and 0.66 counts/m?3, respectively.
The latter station was located near the release location of a WWTP. Complementing
these observations, the modelling studies confirmed that MP from WWTPs showed
elevated concentrations near major urban centres such as Tallinn, Helsinki, and St.
Petersburg (Paper Il). In the BP, offshore station 85 exhibited values similar to those in the
GOFW, whereas offshore station 14 in GOFC had lower values than those in the GOFW
and BP. Additionally, the pollution levels near the mouths of the Parnu and Narva Rivers
(station K5 and N8) were lower compared to open sea stations. The modelling study
further supported the observational findings, indicating that MP concentrations from
WWTPs were also lower near station N8 (Figures 4C, D), consistent with the observed
lower levels in this area. In the monitoring study (Paper 1), the focus was on monitoring
the whole MP particles, including fibers and fragments, rather than specific polymer
types like PET and PP/PE. Therefore, while the particle types are not directly comparable,
the spatial patterns observed in both studies suggest a consistent regional distribution of
MPs.

The mean spatial distribution of modelled MP particles in the surface layer in the GoF
is shown in Paper Il (Figure 4). PP/PE (light) particles had higher concentrations compared
to PET (heavy) particles for both WWTP and riverine origin particles near major coastal
sources (Figures 4E, F). The riverine input to the Russian part was six times greater than
the combined input from Estonia and Finland, resulting in the highest concentrations of
riverine-origin MPs in the eastern gulf. The overall mean concentration of riverine-origin
PP/PE particles in the gulf was approximately 3.8 particles/m?, with significantly higher
concentrations in the eastern gulf, where maximum values exceeded 50 particles/m?2.
The riverine PET particles did not disperse as widely as PP/PE particles from the eastern
to the western part of the gulf. The PET particles from WWTPs primarily accumulated in
the eastern part of the gulf and near other sources such as Helsinki (Figure 4C). PP/PE
particles from WWTPs had a similar distribution to the PET, but dispersion was higher,
and the impact of Tallinn and Helsinki was more pronounced. The mean concentrations
in the gulf for both PET and PP/PE particles combining both the sources were
1.4 particles/m? and 4.8 particles/m?, respectively.

Our observed mean MP concentrations were consistent with those reported in other
studies using surface trawling in the Baltic Sea and beyond. For instance: Aigars et al.
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(2021) reported MP concentrations ranging from 0.09-4.43 counts/m? in the GoR and
EGB. Schdnlau et al. (2020) found concentrations in between 0.18-0.92 counts/m? in the
Gullmar fjord on the Swedish west coast and 0.05-0.09 counts/m3 were observed in the
South Funen Archipelago (Tamminga et al., 2018), while 0.19-7.73 counts/m?® was
measured in the Stockholm Archipelago (Gewert et al., 2017), and 0-0.8 counts/m3 in the
GoF (Setdla et al., 2016). In other regions of the world, for instance in the Arctic,
concentrations have varied from 0 to 1.31 counts/m? Lusher et al. (2015) while in the
Mediterranean Sea from 0.07-9.25 counts/m3 (in the eastern part by Adamopoulou
et al., 2021) to the overall mean value is 1.82 counts/m3 (Zeri et al., 2018). In the eastern
Indian Ocean, the observed MP concentrations lie within 0.06—25.9 counts/m3 (e.g. Liet al.,
2021).

The differences in human pressure appeared to influence regional MP distributions:
the GoF region, with catchment densities of approximately 400 inhabitants per km?,
exhibited higher MP concentrations than the GoR region (around 150 inhabitants per
km?), while the VS region, with minimal human impact and few major point sources
revealed the lowest levels (HELCOM, 2004). Both, the observational and modelling results
indicated that MPs tend to accumulate as localized pollution hotspots near primary
emission sources rather than dispersing widely across the central gulf as suggested before
by Murawski et al. (2022) and Martyanov et al. (2023). These tendencies in spatial
distributions were consistent with other studies, where lower MP concentrations were
attributed to a reduced anthropogenic influence (Tamminga et al., 2018) and higher MP
levels to urbanization and pollution sources such as industrial activities and WWTPs (e.g.
Yonkos et al., 2014; Gewert et al., 2017; Schonlau et al., 2020).
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3.1.2 Water column and seabed

The time-series of the share of MP particles in different states in the GoF was reported in
Paper Il (Figure 5). The overall model spin-up was relatively fast as after initialization,
the total amount of particles in the water column decreased to approximately 15%, while
sedimented particles stabilized between 75—-80% with 6-months of simulation. The share
of particles reaching the western boundary (at the mouth of the gulf) was around 1%,
and the beached particles accounted for about 10% after the spin-up period. Generally,
the small, light particles were the most abundant in the water column, and the large,
heavy particles were the least common (see, Figure 5A-B). Most particles that exited the
GoF (reached the boundary) were from the small light class (3%), whereas the large light
particles were most likely beached (28%). After three years of simulation, approximately
65% of the small and large light particles and 92% and 95% of the small and large heavy
particles, respectively, had settled.
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The mean spatial distributions of vertically integrated simulated MP concentration in
the water column is shown in Figure 6. The model data indicates that the gradual
decrease in MP concentrations in the gulf is influenced by its configuration and distance
from the main sources. Higher concentrations of riverine-origin PET and PP/PE particles
were observed in shallower eastern areas beyond 28 °E, whereas lower concentrations
were noted in the western regions, where the Neva River’s influence diminishes.
In contrast, WWTP-origin particles showed higher mean concentrations in both the
eastern and western regions, with reduced levels between 26 °E and 28 °E.

Figure 7 illustrates the meridionally integrated concentrations from south to north
within the water column, for the years 2019 and 2020. From the surface to the seabed,
PET particles had lower concentrations as due to higher density they sink quicker, while
PP/PE particles were more prevalent, likely due to the higher density of PET particles
(Figures 7A-D). Both particle type exhibited a vertical distribution pattern, with
concentrations peaking near the surface and seabed and reaching a lower level in the
intermediate layer, particularly in the deeper regions of the GoF. This distribution pattern
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aligns with findings from the study (Zhou et al.,, 2021), which reported that MP
accumulation is notably higher at the halocline, where it acts as a trapping layer,
concentrating MP, while the layer above the halocline contained fewer particles.
However, this distribution is not static. Resuspension events primarily driven by
bottom currents (e.g. Liblik et al., 2013; Rasmus et al., 2015; Suhhova et al., 2018) or
wave-induced shear stress (Jonsson et al., 2005) can shift MPs from seabed to the water
column. This dynamic interplay between accumulation and resuspension highlights the

critical role of hydrodynamic forces in redistributing MPs.
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Figure 8 provides an overview of MP particles of different origin and classes found in
the seabed. Sedimentation was widespread across the entire seabed of the gulf.
The largest concentrations in the seabed were in the eastern part of the gulf. The heavy
particles (PET) sank quickly and accumulated in the coastal areas with significant amounts
in the Neva Bay, Narva Bay and near Kotka on the northern coast. Riverine-origin PET
particles had higher values in the deeper areas of the gulf (Figure 8A). WWTP-origin PET
particles exhibited the highest concentrations in the western and eastern regions of the
gulf, with lower accumulation rates observed between 26.5 and 28 °E (Figure 8C).
Regarding overall accumulation (Figures 8E, F), highest concentrations of both PET and
PP/PE particles were found in the easternmost part of the gulf and Narva Bay. Along the
southern coast, there was a tendency for higher concentrations near the coastline,
whereas in the northern part, sedimentation appeared more homogeneous (Figure 8F).

Our findings from Paper Il revealed that both PET and PP/PE particles exhibited
widespread sedimentation across the Gulf, with higher accumulation near emission areas
and in coastal regions. Notably, PP/PE particles showed a broader accumulation pattern
that extended further offshore compared to PET particles. In coastal areas, PET particles
due to their negative buoyancy consistently descended into the water column and
ultimately settling on the seabed. A recent study by Schernewski et al. (2020) which used
Eulerian tracers, reported accumulation of PET particles in shallow coastal waters of the
Baltic Sea. This coastal accumulation was more pronounced near riverine sources,
including the Neva River estuary and Narva Bay. The GoF due to their shallow depth
facilitates higher deposition rates in these areas. Similarly, Kuprijanov et al. (2021)
observed comparable patterns of hazardous substances accumulation in shallow areas,
such as Neva Bay and Finnish coastal inlets, although MP accumulation might persist for
longer periods in deeper regions.
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3.1.3 Particle distribution along coastline

The beaching of MP particles was evident along the entire coastline of the GoF (see Paper
I, Figure 7). Light particles were significantly more prevalent, with an average beached
concentration nearly 20 times higher than the heavy particles. Such high beaching rates
is likely due to the differences in their buoyancy and settling dynamics. However,
substantial numbers of heavy particles from rivers (> 10° particles/m) accumulated along
the southern shore of Neva Bay. Light particles from rivers were abundant in Neva Bay,
Narva Bay, and along the Finnish coastline. Additionally, particles from WWTPs were
numerous around Neva Bay, inside Tallinn Bay, near Helsinki, and at localized spots along
the northern coast. Previous studies have highlighted similar tendencies, with higher
particle accumulation near the major rivers and urban areas, such as St. Petersburg
(Schernewski et al., 2021). Dimante-Deimantovica et al. (2023) reported that in coastal
areas of the GoR and western GoR, light particles were more prevalent than heavy
particles, which aligns with the general distribution patterns observed in our study.
Furthermore, Walther et al. (2024) observed a similar trend along the German coastlines,
where light particles, particularly fibers, dominated the MP pollution. Additionally,
a study on plastic contamination along the southern Baltic beaches found higher
concentrations of light particles on beaches compared to coastal waters, reinforcing the
role of beaches as key sites for accumulation (Mazurkiewicz et al., 2022).
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3.2 Temporal variability of MP

3.2.1 Inter-annual variability and seasonal variability

The annual mean of MP concentrations for the study area was calculated for the years
2016 to 2020 (see Paper I, Figure 3). Mean concentrations and standard deviations (STD)
are 0.90 (+0.53), 0.53 (+0.24), 0.43 (+0.4287), 0.18 (£0.30), and 0.25 (+0.21 counts/m?3),
respectively. This showed a general decrease in both mean concentrations and variability
over the 5-year period. While this trend indicates a reduction in MP concentrations,
explaining the interannual variability is challenging. Possible factors influencing the
decrease include improved waste management practices and changes seasonal variations
that impact MP distribution. Additionally, variations in meteorological conditions, such as
changes in wind patterns could also affect the dispersion and deposition of MPs.

The model effectively replicates the seasonal variability of MP concentrations in the
GoF. During summer (JJA, June-August), PET MP concentrations were lower in the surface
(Figure 10A) and water column (Figure 10C), with highest concentrations found near the
seabed, particularly along the northern and southern coasts, and especially in the eastern
part of the gulf (Figure 10E), while winter (DJF, December-February) showed increased
surface and water column concentrations due to reduced sedimentation and stronger
resuspension driven by bottom currents. These results highlight how summer conditions
favour seabed accumulation of PET particles, mainly due to weaker currents and biofilm
formation, while winter conditions, with enhanced resuspension, lead to higher
concentrations in the water column.

Observations support these model results, with higher concentrations found in spring
compared to summer at 12 out of 16 sampling stations (Figure 9B). The mean concentration
in spring and summer was 0.46 counts/m?* and 0.36 counts/m?3, respectively. The highest
seasonal mean concentration (0.81 counts/m3) was reported in autumn (Figure 9B).
The only winter observation from GoF confirms the trend of increasing concentration
from summer to winter (Figure 9A).

For PP/PE particles, surface concentrations peaked during the summer, particularly
along Narva Bay, Tallinn, and Helsinki coasts (Figures 11A, B). Similar to PET, in winter,
reduced biofilm growth likely led to lower seabed concentrations, while in summer,
enhanced biofilm formation and stratification promoted particle settling (Figures 10C, F).

The seasonal variations of PET and PP/PE particles in the surface layer, water column,
and sediments during summer and winter align with previous studies. Spring and summer
are characterized by heightened biological activity in the Baltic Sea (Lips et al., 2014).
Similarly, a recent modelling study conducted in Neva Bay, using a different modelling
approach, reported a tenfold decrease in surface concentrations during summer relative
to winter (Martyanov et al., 2021). This seasonal pattern highlights the combined effects
of biofouling, hydrodynamics, and stratification. During summer, phytoplankton blooms
enhance biofouling, increasing the sinking rates of MPs and contributing to their
accumulation on the seabed. Vertical stratification, while facilitating biofouling, also acts
as a barrier, trapping MPs within the thermocline (Uurasjarvi et al., 2021). By late summer,
the breakdown of the thermocline and reduced primary production result in diminished
biofilm formation and lower organic matter availability, potentially slowing MP sinking
(Almroth-Rosell et al., 2011; Liblik and Lips, 2011).
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Figure 10 — Modelled mean spatial concentration of PET MP particles (20-500 mm) sourced from
both rivers and WWTPs in different layers of the GoF during the summer months JJA (June, July, and
August, panels (A, C, E) and winter months DJF (December, January, and February, panels (B, D, F).
Panels (A, B) illustrate the concentration in the surface layer; panels (C, D) focus on concentration
in the water column; panels (E, F) showcase the concentration in the bottom layer. From Paper Il.
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Figure 11 — Modelled mean spatial concentration of PP/PE MP particles (20-500 mm) sourced from
both rivers and WWTPs in different layers of the GoF during the summer months JJA (June, July, and
August) and winter months DJF (December, January, and February). Panels (A, B) illustrate the
concentration in the surface layer; panels (C, D) focus on concentration in the water column; panels
(E, F) showcase the concentration in the bottom layer. From Paper Il.

3.2.2 Short-term variability

Short-term variability in MP concentrations along the coastal areas may be influenced by
changes in hydrodynamic conditions. At coastal station N8, this variability was closely
linked to local environmental factors. Prior to the highest observed MP concentration,
the 3-day mean discharge from the Narva River (589 m%¥s) was higher than the long-term
average (440 m¥s), and westerly winds with speeds exceeding 8 m/s triggered coastal
downwelling (Figure 12A). This downwelling event led to the convergence of surface
waters, accumulating plastics along the coast and resulting in a peak in MP concentrations.
In contrast, during the lowest concentration period, the easterly wind conditions
indicated coastal upwelling and consequently, a 60-fold difference was observed between
the highest and lowest case (Figure 12B). This low concentration during the upwelling
would have originated from the sub-surface origin of water as the upwelled water usually
originates from the cold intermediate layer in the GoF (Lips et al., 2009). The downwelling
on the other hand, causes convergence of the sea surface water and the upper mixed
layer in the summer could deepen over 40 m (Liblik and Lips, 2017).

Similar short-term fluctuations in MP concentration were also evident at Pir station in
Tallinn Bay. There was a clear westward upwelling jet during the low concentration case
(Figure 12C) and an eastward downwelling jet along the coast with relatively large current
velocities during the high concentration case (Figure 12D). Such variations in coastal
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circulation highlight how wind-driven upwelling and downwelling events can influence
the accumulation or dispersal of MP through convergence and divergence of surface
waters.

On the sea surface, wind speed is often considered an important physical parameter
affecting MP concentration, as an increase in the wind speed also leads to increased
vertical mixing of MP (Kukulka et al. 2012; Schonlau et al. 2020). However, our data shows
weak and insignificant correlations between windspeed and observed MP concentrations
for the entire dataset and with only a few stations showing significant correlations.
At station 14, a significant negative correlation was found for MP fragments (r? = 0.35,
p =0.01, n = 15), while a significant positive correlation was only found at coastal station
K5 (r* = 0.47, p = 0.01, n = 11). At station K5, the shallow depth (5m) allows strong winds
to resuspend particles from the seabed, leading to higher surface concentrations.
In contrast, weaker winds result in less resuspension and lower surface concentrations.
As Xia et al., (2021) suggested, disturbance-induced vertical transport can resuspend
small plastic particles to the sea surface layer, further emphasizing the role of wind in MP
distribution.

27.50 27.75 28.00 26.25 26.50 26.75 27.00 27.25 27.50 27.75 28.00

Figure 12 — Mean surface current vectors and current speed averaged 3 days before observations
of (A) highest concentrations at station N8, (B) lowest concentrations at station N8, (C) highest
concentrations at station Pir, and (D) lowest concentrations at station Pir. From Paper |.

To better understand the hydrodynamic condition at the offshore station 14,
the simulated sea surface temperature and salinity fields in the vicinity of the stations
along with the convergence and divergence based on the modelled current components
during the highest and lowest MP values were checked (Figure 13). During the high
concentration case at the station, strong lateral gradients and temperature fields in the
vicinity of the stations were seen (Figures 13A, B). The lateral gradients were much
weaker, and the variance of the fields were much smaller during the low concentration
case (Figures 13D, E). Moreover, during the high concentration case, divergence was mostly
negative, suggesting convergence, meaning accumulation of particles in the surface layer.
The divergence was mostly positive during the lowest case.
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Figure 13 — Snapshots of surface temperature (A, D), surface salinity (B, E), and current field
divergence, ux+v,/f, in the surface layer (C, F) during the highest (A, B, C) and lowest (D, E, F)
measured concentration of MPs at station 14. Amended from Paper |I.

Having discussed the role of wind-driven processes like upwelling and downwelling in
short-term variability in MP concentrations, the modelling results were analysed to
further investigate these dynamics. Specifically, an upwelling event was studied, which
most effectively demonstrated the advection of particles towards the southern coast.
For instance, on 18 July, initial signs of upwelling were visible, with surface concentrations
displaying strong spatial variability, particularly in the easternmost areas, and patches
also evident along the northern coast and central part of the Gulf (Figures 14A, D).
As the upwelling intensified by 22 July, particles began to advect offshore, forming
prominent patches in the central Gulf (Figure 14E). At the peak of the upwelling event
on 24 July, a large patch of particles was transported southwards, aligning with colder,
upwelling-affected zones (Figure 14F). During this peak upwelling phase, we also
observed high Rossby numbers (Ro = {/f, the ratio of relative vorticity to the Coriolis
parameter; Figures 14H, 1), signifying enhanced cyclonic circulation linked to the event.

Prior studies have reported that coastal upwelling might lead to relatively low
concentrations of MPs in coastal waters (e.g. de Lucia et al., 2014; Desforges et al., 2014).
However, in another study, La Daana et al. (2017) found no significant difference in MP
concentration between Benguela upwelling sites and other non-upwelling sites. Also,
during upwelling events, surface layer particle concentrations were observed to converge
in sub-mesoscale stripes or small eddy-like features within the upwelling frontal zones,
characterized by high Rossby numbers and significant temperature gradient (Figure 14).
Previous studies by Vali et al., (2017, 2018) highlighted similar particle convergence
during an upwelling event in regions of elevated Rossby numbers and sub-mesoscale
activity in the GoF.
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Figure 14 — Sea Surface Temperature (SST) maps (A—C), surface layers (D—F), and Rossby number
(G—1), during Upwelling conditions along the Finnish coast in the GoF. Amended from Paper Il.

The influence of near-bottom currents on particle concentrations in the 5-meter layer
above the seabed is shown in Figure 15. On December 6, stronger near-bottom currents
(Figure 15B) led to increased particle resuspension, resulting in higher concentrations in
the near-bottom layer (Figure 15D) and this demonstrates that stronger currents enhance
resuspension. Episodic events, such as high waves or wind-driven bottom currents that
disturb sediments and resuspend particles back into the water column (Osinski et al.,
2020; Zhou et al., 2021). In regions with high sedimentation rates, even short-term
increases in current velocity can release accumulated MPs from the seabed into the
overlying water (Kane and Clare, 2019). Similarly, our findings show a significant decrease
in sedimented MP concentrations and a corresponding increase in water column particles
following periods of intensified bottom currents.
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Figure 15 —Snapshots of bottom currents (A—B), and water column particles integrated within 5 meters
above the seabed (C-D) in the GoF. From Paper |l.
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4 Conclusions

In this thesis, the first comprehensive insights into MP pollution and its spatiotemporal
variability of the eastern part of the Baltic Sea is presented. MPs were detected in all 122
samples of measurements, with concentrations ranging from 0.01 to 2.45 counts/m3
(overall mean: 0.49 counts/m?3). Regional differences in MP concentrations in the Gulf of
Finland, Gulf of Riga, and Vainameri Sea likely reflect variations in human pressure from
surrounding populations. Smaller concentrations were found in the Vdinameri, the area
of low human pressure while remarkably higher concentrations revealed in the Gulf of
Finland, which is the sea area of considerable human impact from the catchment area
and point sources.

The seasonal variations of MP concentrations were detected from observations.
Higher concentrations were observed in autumn and winter, and lower in summer.
The modelling results of PET particles suggest that during summer the accumulation of
particles on the seabed was enhanced by weaker currents and biofilm formation while in
autumn and winter, resuspension and lower biofilm formation resulted in higher
concentration in the water column. According to the modelling in the Gulf of Finland,
the seasonality for PP/PE concentrations is not that pronounced as for PET. However,
these findings underscored the importance of seasonal variability of biofilm growth and
hydrodynamic activity in shaping the MP distribution patterns in the eastern Baltic Sea.

The modelling provided insights into the MP distribution by using a combination of
hydrodynamic, biogeochemical, and Lagrangian particle tracking models to map the MP
pathways and identify potential accumulation zones in the Gulf of Finland. By using
a three-year simulation in combination with sub-mesoscale permitting horizontal
resolution, we estimated MP concentrations at the sea surface, within the water column,
accumulation on the seabed, and accumulation to beaches. Approximately 75% of MPs
accumulated on the seabed, 10% beached, 14% of particles remained suspended in the
water column, and only 1% exit the gulf. The semi-enclosed nature of the Gulf of Finland,
concentration of the main MP sources to the internal (eastern) part of the gulf, and
hydrodynamic and morphologic conditions make the gulf a significant retention zone of
MPs.

Highest MP concentrations were near the major riverine and coastal sources,
specifically in the eastern Gulf of Finland, with surface concentrations of light particles
exceeding those of heavy particles near WWTPs and river mouths. Meridionally integrated
concentrations revealed a vertical distribution pattern of MP, with concentrations
peaking near the surface and seabed and reaching lower levels in the intermediate layer,
particularly in the deeper regions of the Gulf of Finland.

The short-term variability in MP concentrations along coastal areas was influenced by
hydrodynamic conditions. Mesoscale processes, namely wind-driven downwelling and
upwelling events caused accumulation and dispersal of particles in the surface layer
through surface water convergence and divergence, respectively. Stronger near-bottom
currents were shown to resuspend particles, increasing MP concentrations in the
near-bottom layer. Sub-mesoscale processes, particularly the convergence in the upwelling
frontal zones, were found to concentrate particles. These results illustrate the role of
natural processes behind the high spatiotemporal variability of MP concentrations in the
eastern Baltic Sea.
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Mitigation measures should focus on addressing hotspot areas such as Neva Bay and
Narva Bay, which are crucial for policymaking to regulate the MP emissions. To improve
the effectiveness of mitigation, future studies should adopt multipoint sampling at
various depths near emission sources and continue further development of numerical
simulations. Future research should incorporate the effects of wind waves, improve the
parameterizations of particle interactions with the seabed and beaching processes.
These improvements will reduce uncertainties of simulations and improve applicability
of MP spreading simulations.
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Abstract

Pathways and Distribution of Microplastic in the Eastern Baltic
Sea

Microplastic (MP) pollution is a burgeoning issue in aquatic environments, including the
Baltic Sea, where its distribution and pathways remain critical concerns. This thesis
integrates observational and modelling approaches to investigate the spatiotemporal
variability, fate, transport and accumulation of MPs in the eastern Baltic Sea and the Gulf
of Finland (GoF). Observations of the MP concentrations in the surface layer from a
research vessel were conducted by a Mantra trawl at 16 stations during 2016-2020.
In order to simulate the MP distributions in the Gulf of Finland during 2018-2020 an
offline coupled Lagrangian particle model, and hydrodynamic and biogeochemical
models were used, focusing on polypropylene/polyethylene (PP/PE) and polyethylene
terephthalate (PET) particles. The coupled model system also permitted (sub)mesoscale
processes and allowed to study the possible impact of these processes to the MP
concentrations in the sea. Sensitivity analysis for the selected implemented processes
was performed by analysing the effect to the spatiotemporal variability at the sea surface
and by comparing the simulation results with observations. As a result, optimal setup of
parameters describing horizontal diffusion, beaching, biofouling and resuspension were
determined and applied in simulations with realistic MP loads in the Gulf of Finland.

The dissertation is a summary of three papers, of which the first analysed the
spatio-temporal variability of MP concentration based on observations, and the other
two focused on modelling the MP concentrations. Observations revealed MP
concentrations in the region ranging from 0.01 to 2.45 counts/m3 (overall mean:
0.49 counts/m3), with MP-Fibers and MP-Fragments contributing equally to the overall
concentration. Spatial distributions indicated higher MP concentrations in the Baltic
Proper (BP) and GoF, while lower values were observed in the Gulf of Riga (GoR) and
Vainameri Sea (VS). This spatial pattern corresponds to the magnitude of human pressure
to the respective basins from the catchment areas. Seasonally, the concentrations in the
surface layer and water column were higher in autumn and winter compared to summer.
Weaker currents and biofilm formation supported the MP accumulation to seabed in
summer while in autumn and winter, resuspension and lower biofilm formation resulted
in higher concentration in the water column.

According to the simulations, the Gulf of Finland is significant retention zone of the
MP. Approximately 75% of MPs that entered to the gulf from riverine and WWTP sources
accumulated on the seabed, 10% beached, 14% of particles remained suspended in the
water column, and only 1% exit the gulf. The highest MP concentrations could be likely
found near the major riverine and coastal sources, specifically in the eastern Gulf of
Finland. There is heterogeneous vertical distribution pattern of the MP, with
concentrations peaking near the surface and seabed while lower levels are in the
intermediate layer, particularly in the deeper regions of the Gulf of Finland.

The short-term variability in MP concentrations was influenced by hydrodynamic
variability in synoptic timescales. Both, simulations and observations suggest that
wind-driven downwelling and upwelling events cause accumulation and dispersal of
particles in the surface layer through surface water convergence and divergence,
respectively, in the coastal areas. Stronger near-bottom currents were shown to resuspend
particles, increasing MP concentrations in the near-bottom layer. Sub-mesoscale
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processes, particularly the convergence in the upwelling frontal zones, were found to
concentrate particles.

This combined analysis provides critical insights into MP pathways, spatial variability,
and accumulation dynamics in the eastern Baltic Sea. These findings underscore the need
for future studies addressing sub-mesoscale processes and land-sea fluxes of MP while
highlighting the importance of targeted mitigation efforts to reduce MP pollution.
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Kokkuvote

Mikroplasti levik ja jaotused Lianemere idaosas

Mikroplasti (MP) reostus on tdsine ja kasvav probleem veekeskkondades, sealhulgas
Ladanemeres, kus selle jaotumine ja levikuteed on jatkuvalt olulised uurimiskiisimused.
Kaesolev doktorit66 Gihendab vaatlus- ja modelleerimismeetodid, et uurida MP ruumilist
ja ajalist varieeruvust, levikut ja akumulatsiooni Ladnemere idaosas, sealhulgas
Soome lahes. Vaatlused viidi |dbi Eesti merealade seire raames uurimislaevalt Salme
Manta traali abil 16 jaamas aastatel 2016—2020. MP jaotuse modelleerimiseks Soome
lahes kasutati hiidrodiinaamika, biogeokeemia ja Lagrange’i osakeste jalgimise
mudelstisteemi perioodi 2018-2020 viltel keskendudes poliiproptileeni/polietiileeni
(PP/PE) ja poluetuleentereftalaadi (PET) osakestele. Modelleeriti jégedest ja
veepuhastusjaamadest merre saabuvate osakeste levikut. Mudelslisteem v&imaldas
lahutada ka (sub)mesomastaapseid protsesse ning uurida nende vdimalikku m&ju MP
kontsentratsioonidele meres. Osakeste mudelis tehti valitud protsessidele tundlikkuse
anallils varieerides erinevaid parameetreid ning uurides nende moju osakeste uldisele
levikule. Tundlikkuse analiilisis kasitleti protsessidena randumist, osakeste tiheduse
suurenemist biokile tekke tottu, horisontaalset segunemist ning resuspensiooni. Analliisi
tulemusena leiti mudelile seadistus, millega modelleeriti MP levikut Soome lahes
realistlike koormustega.

Vaitekiri on koostatud kolme artikli pdhjal, milledest esimeses kasitleti mdddetud MP
kontsentratsioonide ajalis-ruumilist varieeruvust ning (lejaanud kahes keskenduti
modelleerimistulemustele. M66detud MP kontsentratsioonid pinnakihis olid vahemikus
0,01 kuni 2,45 tk/m3 (keskmine: 0,49 tk/m3). M&ddetud MP kontsentratsioonid olid
suuremad Lddnemere avaosas ja Soome lahes; madalamad vaartused esinesid Liivi lahes
ja Vdinameres. Sesoonselt olid kontsentratsioonid pinnakihis ja veesambas kdrgemad
sugisel ja talvel ning madalamad suvel. Suvel soodustas settimist biokile kasv ja osakeste
ujuvuse vahenemine. Talvel pdhjustas sagedasem resuspensioon osakeste tdusmist
veesambasse.

Simulatsiooni tulemused viitavad, et enamus maismaalt parit MP akumuleerub Soome
lahes. Ligikaudu 75% MP settis merepGhja, 10% randus, 14% oli veesambas ja vaid 1%
valjus Soome lahest Lddnemere avaossa. Kérgeimad kontsentratsioonid esinesid kiill
allikate lahedal, kuid MP vertikaalne jaotus veesambas ei ole Uhtlane. Kdrgemad
vadrtused esinesid pinnakihis ja pdhjaldahedases kihis; vahekihis esinesid madalamad
vaadrtused.

MP sisalduses esines markimisvdaarne lihiajaline muutlikkus, mis oli seotud
hidrodinaamiliste protsessidega. Rannikutsoonis tuvastati nii mG&Gtmiste kui
simulatsiooniga vdga madalad MP kontsentratsioonid apvellingu valtel ja kdorged
kontsentratsioonid daunvellingu ajal. Daunvellinguga tekib ranna Iahedal konvergents ja
MP kogunemine. Apvellingu kdigus tBuseb pinnale vahekihi vesi, kus MP
kontsentratsioonid on madalad. Tugevad hoovused pdhjustavad MP resuspensiooni ja
kontsentratsiooni tdusu veesambas.

K&desolev dissertatsioon annab teadmisi MP levikuteedest, ruumilisest varieeruvusest
ja akumulatsioonist Ladnemere idaosas. Tulemused naitavad vajadust edasiste uuringute
jarele, mis keskenduksid muuhulgas submesomastaapsete protsesside mdjule ning
maismaalt tuleva MP reostuse levikule rannikutsoonis.
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Microplastic (MP) pollution is present in all aquatic environments and is gaining critical
concern. We have conducted sea surface MP monitoring with a Manta trawl at 16
sampling stations in the eastern Baltic Sea in 2016-2020. The concentrations varied from
0.01 to 2.45 counts/m?® (0.002-0.43 counts/m?), and the mean was 0.49 counts/m? (0.08
counts/m?). The fibers and fragments had, on average, an approximately equal share in
the samples. Correlation between the concentration of fibers and fragments was higher
near the land and weaker further offshore. The following spatial patterns were revealed:
higher mean values were detected in the Baltic Proper (0.65 counts/m®) (0.11 counts/m?)
and the Gulf of Finland (0.46-0.65) (0.08-0.11) and lower values were detected in the Gulf
of Riga (0.33) (0.06) and Vainameri Archipelago Sea (0.11) (0.02). The difference between
the latter three sub-basins and the meridional gradient in the Gulf of Riga can likely be
explained by the degree of human pressure in the catchment areas. The MP concentration
was higher in autumn than in summer in all regions and stations, probably due to the
seasonality of the biofouling and consequent sinking rate of particles. A weak negative
correlation between the wind speed and the MP concentration was detected only in the
central Gulf of Finland, and positive correlation in the shallow area near river mouth. We
observed a 60-fold difference in MP concentrations during coastal downwelling/upwelling.
Divergence/convergence driven by the (sub)mesoscale processes should be one of the
subjects in future studies to enhance the knowledge on the MP pathways in the
Baltic Sea.

Keywords: microplastics, Manta trawl, Baltic Sea, spatiotemporal variability, physical factors

INTRODUCTION

Plastic pollution is ubiquitous in the marine environment. Plastics, due to their durability, low cost,
and lightweight, are important in our lives and have been shed to the environment in the last few
decades like never. Since the beginning of plastic production in the early 20th century, it has
continuously increased and reached 368 million tons globally in 2019 (Plastics Europe, 2020).
Microplastics (MPs) are frequently defined as particles with lengths of less than 5 mm (Arthur et al.,
2009; Cole et al., 2011).
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Microplastics in the Eastern Baltic

MPs’ sources and pathways are of utmost importance to
control and prevent plastics from entering the ecosystem (He
et al,, 2019). The exuberance of MPs in the aquatic environment
is due to inappropriate human behavior and improper waste
management (Jambeck et al., 2015). There is limited information
on the amount of plastic waste entering the oceans, but it is
widely cited that land sources contribute approximately 80% of
the marine plastic debris (Jambeck et al., 2015). Rivers, surface
water runoff, sewage treatment, and wind-induced air transport
are the major gateways of plastic debris in the aquatic ecosystem
(He et al, 2019). In addition, the plastic manufacturing
industries release plastics in the form of pellets and resin
powders that, via air-blasting, can contaminate the aquatic
environment (Eriksen et al., 2013). Plastic pellets are also
released from marine accidents during handling and
transportation (Veerasingam et al., 2016). Coastal activities,
including fisheries, aqua tourism, and marine industries, are
also the sources of MP pollution in the marine environment
(Eriksen et al., 2013).

MPs can be of two types, primary and secondary MPs.
Primary MPs are produced as microscopic particles present
before entering the environment and exist as microbeads
found in personal care products and plastic pellets (or
nurdles). Secondary MPs are formed by physical, biological,
and chemical degradation of macroscopic plastic parts and are
the main source of microparticles released into the environment
(Boucher and Friot, 2017; Zhu et al., 2020). They are formed by
the degradation of improperly disposed plastic waste, tire
abrasion, and washing of synthetic textiles (Boucher and Friot,
2017; Zhu et al., 2020).

MP particles have difterent shape classes: fragments, films,
filaments, foams, and pellets (GESAMP, 2019). In this study, we
divided all MP particles into fibers and fragments. The fragments
category includes all non-filament particles like films, foams, and
pellets, and the fibers category includes both filaments and fibers.
Some polymers, such as PVC, polyester, polyamide, and acrylic,
are denser than seawater and, thus, sink to the bottom of the sea
(Hidalgo-Ruz et al,, 2012). Polymers with a lower density than
seawater usually float on the surface, including polyethylene,
polypropylene, and expanded polystyrene (Hidalgo-Ruz et al.,
2012). Low-density MP accumulates especially within a layer of a
few cm below the air-water interface (Andrady, 2011). Thus,
most studies target MP abundance and distribution confined to
the surface layer (Collignon et al, 2014). Plastic products,
traditionally made of monomers, are linked to the form of the
polymer structure. During plastic production, several additives
are added for promoting specific properties towards its use
(Lithner, 2011). As the plastics degrade over time, these
chemicals tend to leach out, including coloring agents, and
accumulate in animals’ stomachs, resulting in bioaccumulation
and biological effects (Mato et al.,, 2001; Teuten et al., 2009).
Worldwide, individuals are accustomed to seafood consumption,
which makes it possible for people to be exposed to MPs (Wright
and Kelly, 2017). Chemical additives or remaining monomers
can pose a potential danger to human health and the ecosystem
(Lusher et al., 2017).

Colored plastics impose a high threat to aquatic species (Li
et al, 2021). From one side, marine species have difficulty
distinguishing between transparent and colored plastics, which
increases the risk of MPs ingestion. Moreover, colored MPs may
be accidentally ingested by fishes, turtles, and birds (Zhao et al.,
2016; Gago et al., 2019). On the other hand, the impact of color
affects the selection of food made by aquatic species.

As demonstrated by studies from different Baltic Sea basins,
the occurrence of MPs in the Baltic Sea is evident (Setili et al.,
2016; Tamminga et al.,, 2019; Uurasjérvi et al., 2021). However,
the knowledge about the spatial distribution and temporal
variability of MPs in the Baltic Sea is limited (Aigars et al.,
2021). Also, the methodology used to collect MPs varies by
instruments, mesh size, sampling depth, and sampling area.

The main objective of the present paper is to assess the
spatiotemporal variability of MPs in the eastern Baltic Sea and
analyze environmental drivers affecting it. We report and analyze
5-year measurements of MPs in the surface layer in the eastern
Baltic Sea. Specifically, we address the following main questions
in this study: What is the mean spatial distribution of MPs in the
eastern Baltic Sea? Is there seasonality in the MP concentrations?
What is the share of fibers/fragments, different particle sizes, and
colors in the MP pool? What processes cause the short-term
variability in the MP concentration?

MATERIALS AND METHODS
Study Area

MP sampling was performed during monitoring cruises from
2016 to 2020 onboard the research vessel Salme in the four sub-
basins of the Eastern Baltic Sea (Figure 1): the Gulf of Finland
(GOF), the Gulf of Riga (GOR), the northern Baltic Proper (BP),
and the Viinameri Sea (VS).

The GOF is an elongated estuarine basin located in the
northeastern part of the Baltic Sea with an average depth of 37
m and a maximum depth of 123 m (Leppdranta and Myreberg,
2009). The gulf is about 400 km long, and its width varies
between 48 and 135 km (Alenius et al., 1998). There is a free
water exchange between the GOF and BP at the western border,
and fresh water is discharged mostly to the eastern part of the
GOF. The western Estonian coast has two semi-enclosed sub-
basins. The GOR covers an area of 140 km from west to east and
150 km from south to north. The surface area of the VS is 2,243
km?. The average depth of GOR and VS is 23 m and 4.7 m,
respectively. These sub-basins are interconnected and connected
with the BP via five straits.

In total, 16 sampling stations were visited in the western Gulf
of Finland (GOFW), eastern Gulf of Finland (GOFE), central
Gulf of Finland (GOFC), GOR, VS, and northern BP (Figure 1).
Stations in the GOFW and GOFE were quite close to shore, while
stations in the BP, GOFC, and GOR (excluding Station K5) were
offshore. The station network was not the same each year. Visited
stations in different years are shown in Table 1. Sampling
stations N8 (visited 15 times), 14 (15), Sillamée (Sill) (14),
Paljassaare (Pal) (13), 2 (12), and K5 (11) were sampled more
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FIGURE 1 | Map of the eastern Baltic Sea with 16 stations of surface water sampl

(Paldiski, Suurupi, BLRT, Paljassaare, and Pirita), GOFC (14), and GOFE (N12, Sillamae, and N8). The locations of Narva and Parnu river are highlighted in green.

than ten times during the 5-year period. The frequency of
sampling times in other stations is as follows: V15 (6), V35 (6),
125 (5), N12 (4), G1 (3), Pirita (Pir) (2), Paldiski (Pald) (1),
Suurupi (Suu) (1), and BLRT (1). Please note that station Pal is
located close to the largest city wastewater treatment plant outfall
in the study area, station N8 close to the Narva river mouth, and
station K5 close to the Pdrnu river mouth. The detailed
observational periods at each sampling site are mentioned in
Supplementary Table 1.

MP Sampling and Sample Processing
Surface water samples were collected with a Manta trawl (mesh size
330 um). The net was deployed 5 m from the side of the ship using a
crane and towed at the water surface (not totally submerged) for 15
to 60 min at a speed of approximately 2 knots. The samples were
collected in the cod end of the net. The content of the cod end was
rinsed with tap water to a metal bucket and sieved through a set of
stainless-steel sieves (5,000 tm, 1,000 um, and 330 pum). Thereafter,
particles from each sieve were flushed into a separate glass jar with
ultrapure water. Formaldehyde (37%) was added in the proportion
of 1 to 100 ml of sample. Samples were kept at room temperature
until analysis in the lab.

If the samples contained a lot of organic material, they were
left to settle. The solution on top of the settled organic material
was pipetted and vacuum filtered onto a 1.6-pm pore size (VWR)

TABLE 1 | MP sampling sites for each year.

Year Stations visited

2016 85, G1, 14, N8, Sil, N12, Pal, 2

2017 85, 14, N8, Sil, Pal, 2, K5

2018 85, 14, N8, Sil, Pal, 2, K5, Suu, Pir, BLRT, V15, V35, 125
2019 85, 14, N8, Sil, Pal, 2, K5, V15, V35, 125, Pald

2020 85, 14, N8, Sil, Pal, 2, K5, V15, V35, 125

ing in the BP region (85), GOR (G1, K5, and 125), VS (V15 and V35), GOFW

glass fiber filter (47 mm diameter). Hydrogen peroxide (34.5%-
36.5%) was added to the settled organic material in a proportion
of 1:1 and left for oxidation under the ventilation cabinet for up
to 7 days. After oxidation, the samples were diluted with
ultrapure water and vacuum filtered as described above. The
filters were dried in glass Petri dishes in a drying oven (SANYO
MOV-212F) at 60°C for 15 min, and the particles remaining on
the filters were analyzed using a stereomicroscope (Leica M205 C
or Olympus SZX16). All MP particles were counted, partially
photographed, and tested with a hot needle to distinguish plastics
from other microliter particles (Devriese et al., 2014). The results
were calculated by summing the number of MP particles in the
analyzed water sample.

In this study, we divided all MP particles into fibers and
fragments. The fragments category includes all non-fiber MPs:
films, foam, and pellets, and in general, we have identified fibrous
plastics. As the MPs monitoring was carried out by the Manta trawl
with a mesh size of 330 pm, we categorized them into two size classes
(330-999 pm and 1,000-4,999 um) according to their longest
dimension. The water volume was calculated by multiplying the
whole area of the trawl mouth with the ship speed and towing time.
MP concentration is presented as the number of MP counts per
cubic meter (counts/m’). In addition, concentration per square
meter (counts/m”) is given in brackets throughout the text.

The 8-color classification scheme by the European Marine
Observation and Data Network (EMODnet) was used for color
identification that combines similar colors into one group
(Galgani et al., 2020). Black/gray, white, blue/green, red/pink/
orange/purple, yellow, brown, transparent, and others (golden/
silver/multicolor) distinguished from colors.

Reduction of Cross-Contamination
Reduction and monitoring of potential airborne cross-
contamination are crucial during sampling, sample processing,
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and analysis in the laboratory. To detect MP airborne
contamination during sampling, samples of plastic-free water
were kept in glass jars open on the deck near the sample
collection area and later analyzed in the laboratory.

Non-synthetic clothing and cotton lab coats were worn, and
glass or metal laboratory supplies were used as much as possible
throughout the laboratory analysis. All labware was thoroughly
rinsed with ultrapure water before use. Sample processing was
done in a ventilation cabinet, except for the filtering through the
sieves. Samples were covered with aluminum foil or glass lids
from Petri dishes whenever possible.

For the contamination assessment during sample processing
in the lab, 100 ml of ultrapure water was filtered through a clean
glass fiber filter before each sample processing and analyzed as
real samples. Also, one dry blank filter was placed under a
ventilation cabinet during filtration and on the table near the
stereomicroscope during microscopic analysis. Both blanks were
analyzed as samples. In the blank samples, only fibers were
found, and blank filter contamination was only a few
percentages. Blank samples were used only as a reference.
Hence, the overall contamination was less than one plastic
fiber per sample on average. The fibers found in the blank
samples could be related to airborne contamination from textiles.

Paint flakes were often observed in the samples. All paint
flakes data were removed from the dataset for the analysis as
their potential sources could not be confirmed.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed to
analyze MPs’ spatial and temporal variability. When a
substantial difference was discovered, a pairwise comparison
using regression test was applied to determine whether the
difference was statistically significant. The significance level
was set to 5%.

The hourly wind speed components were extracted from
ERA-5 (Hersbach, 2020) for seven monitoring stations and bi-
linearly interpolated to the exact coordinates using CDO (climate
data operators) software (Schulzweida, 2021). Linear regression
analysis was used to relate the observed MP abundances to
prevailing meteorological conditions (e.g., wind speed). Since
the data series were relatively short, as an alternative to linear
regression, the conditions during the sampling of lowest and
highest MP concentrations were compared.

The sea surface temperature and salinity are taken from the
long-term model simulations to understand the hydrophysical
conditions during sampling dates. From the model output, two
diagnostic parameters are calculated:

a. the lateral gradients of temperature and salinity as |VyT| and
VS|

b. the divergence of the current field as u,+v, normalized with
Coriolis parameter f

Numerical Modeling

The General Estuarine Transport Model (GETM) (Burchard and
Bolding, 2002) has been applied to estimate temperature and
salinity distributions. GETM is a three-dimensional primitive-

Microplastics in the Eastern Baltic

equation hydrostatic model with a free surface and built-in
vertically adaptive coordinate scheme (Hofmeister et al., 2010),
which can significantly reduce numerical mixing in the
simulations (Grawe et al., 2015).

Vertical mixing is calculated using the General Ocean
Turbulence Model (GOTM) (Umlauf and Burchard, 2005)
using a two-equation k—e model coupled with an algebraic
second-moment closure (Canuto et al., 2001; Burchard and
Bolding, 2002) to obtain the eddy viscosity and diffusivity.
Sub-grid horizontal mixing is parameterized using the
Smagorinsky approximation (Smagorinsky, 1963).

The model domain consists of the whole Baltic Sea (Figure 1),
and horizontal grid spacing of 0.5 nm (approximately 926 m) is
used with 60 vertically adaptive layers. The vertical resolution of
the model during simulations is controlled by using the same
parameters as in Hofmeister et al. (2010) and Grawe et al. (2015).
Baltic Sea Bathymetry Database (http://data.bshc.pro/, last
access: 18 January 2022) with additional data for the GOF
from Andrejev et al. (2010) has been used to construct the
model bathymetry. The atmospheric forcing (wind stress and
surface heat flux components) was calculated from the
operational forecast model HIRLAM (High-Resolution Limited
Area Model) maintained by the Estonian Weather Service with a
spatial resolution of 11 km and a daily forecast interval of 1h
(Minnik and Merilain, 2007). The model simulation was
performed from April 1, 2010, to December 31, 2020, but the
results for 2016 to 2020 have been used in this study.

An open boundary is located at the Danish Straits. Inflow and
outflow from the model are calculated using the sea surface
height measurements from Gothenburg Station with Flather
(1994) radiation. Temperature and salinity at the boundary are
relaxed towards climatological profiles by Janssen et al. (1999).
Freshwater input from the 54 largest Baltic Sea rivers with basin-
wide interannual variability corrected towards values as reported
in HELCOM (Johansson and Jalkanen, 2016) has been used.
Constant salinity of 0.5gkg ' and target cell sea surface
temperatures are used for the riverine values.

Initial temperature and salinity fields were taken from the
Copernicus reanalysis of the Baltic Sea for the period 1989-2014
(https://doi.org/10.48670/moi-00013, last accessed February 14,
2022). As the product used lower resolutions both in the
horizontal and vertical, the thermohaline fields were
interpolated to the model grid. The simulation started with sea
surface height and current velocities set to zero, i.e., the
motionless state, but as previous studies (Lips et al., 2016) have
shown, the wind-driven circulation of the Baltic Sea adjusts to
forcing within 5 days. More information about the model setup
and validation is available from Zhurbas et al. (2018) and Liblik
et al. (2020).

RESULTS

MPs were found at all 16 sampling stations. In total, 9,414 MP
particles were extracted from 23,199 m> water of 122 surface
water samples. When total MP particles were divided by the total
water volume, the mean was 0.41 counts/m®. However, the
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arithmetic mean of MP concentrations in samples was 0.49
counts/m> (0.08 counts/m?), and in the regions of BP, GOFC,
GOFW, GOFE, GOR, and VS, the mean concentrations were
0.65, 0.59, 0.65, 0.46, 0.33, and 0.11 counts/m> (0.11, 0.10, 0.11,
0.08, 0.06, and 0.02 counts/m?), respectively. The results show
high variability in concentrations (STD +0.46 counts/m’) and
heterogeneity in distribution patterns of MPs in the eastern
Baltic Sea. The relative abundance of MP fibers and MP
fragments at different sampling sites is presented in Figure 2.
The average concentration of MP fibers and MP fragments
across the dataset was almost the same: 0.25 and 0.24 counts/
m® (0.04 and 0.04 counts/m®), respectively. The annual mean of
the share of fibers was higher in 2016, 2019, and 2020 (Figure 2).

Spatiotemporal Distribution

of Microplastics

Relatively high annual mean MP concentrations (Figure 3;
concentrations are shown if the station was visited more than
once) were observed in 2016 (Figure 3A). The highest mean
concentrations (>1.0 counts/m’) were observed in the GOR
(station G1) and the BP (station 85) and at station Pal. Lower
values were observed at the GOFE stations. Mean concentrations
were in a quite narrow range (0.39-0.58 counts/m>) (0.07-0.1
counts/m®) in the whole area in 2017; only in the GOFC was the
value higher (Figure 3B). The highest mean concentration
(>1.0 counts/m>) was observed in the BP, while concentrations
were 20-fold lower in the GOR and VS in 2018 (Figure 3C).
Spatial distribution of the MP concentrations in the GOF
had a large range, varying from 0.11 to 0.76 counts/m’
(0.02-0.13 counts/m?®) (Figure 3C). Very low mean values
(<0.08 counts/m’) were observed in the GOR and VS in 2019
(Figure 3D). Quite low values, except at station 2, were observed
in the GOF and BP as well (Figure 3D). A similar pattern was
observed in the study area in 2020 (Figure 3E).

Despite high temporal variability, tendencies in the mean 5-year
period spatial pattern can be found (Figure 3F). Significantly higher
mean MP, MP fiber, and MP fragment concentrations occurred in
the BP and the three areas of GOF compared to the GOR and VS
(Figures 4A-C). It is noteworthy that the annual mean
concentration in the VS was lower than in the BP in all 3 years
(2018-2020) when the VS was sampled (Figures 3C-E). The 5-year
mean concentration in the vicinity of Parnu and Narva river mouths
[stations K5 and N8, 0.21 and 0.39 counts/m? (0.04 and 0.06 counts/
m?), respectively] was lower than at the open sea stations (0.59-0.74
counts/m?) (0.10-0.13 counts/m?).

The maximum concentrations >1.6 counts/m’ were
registered at offshore stations in the BP, GOF, GOR, and at
station Pal. The highest MP concentration (2.45 counts/m>)
(0.43 counts/m?) for the entire study period was recorded at
station G1 in the GOR. Maxima were lower (0.6-1.2 counts/m>)
at the GOFE stations and near the Pirnu river mouth (station
K5). The maximum was only 0.15 counts/m> (0.03 counts/m?) in
the central VS (station V15). However, the latter station was
visited only three times.

The mean share of fibers and fragments for the whole area in
the 5 years was almost equal (Figure 2). The latter also roughly

Microplastics in the Eastern Baltic

holds when considering the means of the regions (Figure 5).
Thus, the mean spatial distribution of fibers and fragments taken
separately (Figures 5A-F and Figures 5G-L) is similar to the
total MP concentration (Figure 3F). This means 5-year mean
concentrations of fibers and fragments in the vicinity of Pdrnu
and Narva river mouths are lower than at the open sea stations.
The correlation between the concentrations of fibers and
fragments in the whole dataset was significant, but rather low
(r* = 021, p < 0.01, n = 122). Thus, often the spatiotemporal
changes of fibers and fragments were not related. However, some
of the stations separately revealed quite a strong correlation.
High correlation was found at station K5 (* = 0.87, p < 0.01, n =
11) and Pal (+* = 0.60, p < 0.01, n = 13). Weak but significant
correlations were observed at stations 14, Sil, and N8. No
correlation was found at stations 2 and 85. For instance, fibers
(0.81 counts/m”>) (0.14 counts/m?) had the major share at station
85 in the BP in 2016 (Figure 5A). Next year, the concentration of
fragments was similar (approximately 0.2-0.3 counts/m’), but
the fiber concentration was 0.20 counts/m> (0.04 counts/m?)
(Figure 5B). The share was reversed (compared to 2016) in 2018
when fragments (0.87 counts/m>) (0.15 counts/m?) had the
major contribution (Figure 5I). Thus, the highest annual mean
concentration of fragments and fibers in the study area was
measured in the BP, but in different years. The annual share of
fragments higher than 70% occurred only at the coastal stations
in the GOF (five occasions) and once at station 85 in the BP.
Other stations had a fiber share approximately 50% or higher.
The annual mean shares of fragments were lowest in the VS.
Note that the total MP concentrations were low there as well.

Microplastics Morphology

The MPs were assorted into eight colors. The most occurred MP
color was gray/black (29.7%), followed by white (22.6%) and
blue/green (22.4%). Other colors such as red/pink/purple (9.9%),
transparent (9.8%), yellow (3.6%), and brown (1.5%) had a lower
proportion. Gold-stained plastic was the rarest out of the eight
colors, having a percentage share of less than 1%. The maximum
share came from white particles when the highest concentrations
were detected at stations Pal, 2, 85, and 14. The dominant color
for the MP fragments was white and blue/green, and for MP
fibers, it was gray/black and blue/green.

Seasonal Variability of Microplastics

The mean concentration in spring and summer was 0.46 counts/m’
(0.08 counts/m?) and 0.36 counts/m> (0.06 counts/m?),
respectively. This tendency of higher concentration in spring
compared to summer was revealed at most of the stations
(Supplementary Figure 1) except at stations 85, G1, Pir, and
V35. The highest seasonal mean concentration (0.81 counts/m”)
(0.14 counts/m?) in the study area occurred in the autumn. The
mean concentration was higher in autumn than summer at all
stations (Supplementary Figure 1). This is reflected in the seasonal
pattern across all regions as well (Figure 6). Moreover, the only
observations from winter in the GOFC confirm the increasing
concentration trend from summer to the cold season. However, due
to high variability within each season, the differences between the
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seasons were statistically not significant. MP fiber concentration
differed significantly across all seasons; however, no significant
difference was detected for MP fragments. Seasonally, no significant
difference was observed between the two size classes—MP (330-999
pum) and MP (1,000-4,999 pm).

Impact of Physical Processes on the

MP concentration

The impact of physical processes on the MP concentration was
studied using the stations with the most consistent observations.
Over the 5 years, seven stations had a higher number of samples.

Concentration 2016-2020 0.2
[counts/m?3]

26°E

v i 2 JMeQn Total Microptastics

20°E

29°E

We selected two coastal (N8 and K5) and two offshore (14 and
85) stations for further analysis.

The wind is the most obvious physical parameter to affect
concentrations on the sea surface, as with increasing wind speed,
the particles are mixed deeper. Significant negative correlation
between the wind speed and MP concentration was found only at
station 14 for MP fragments (r* = 0.35, p = 0.01, n = 15). For the
whole dataset and most individual stations, the correlation was
low and insignificant. A significant positive relationship between
the wind speed and MP abundance was found at the coastal
station K5 (7 = 0.47, p = 0.01, n = 11).
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At coastal stations K5 and N8, one can assume some effects of
freshwater discharge and related MP input due to the vicinity of
large rivers. Furthermore, not only the wind speed but also its
direction could be critical via influencing convergence/
divergence of surface waters. We selected the highest and
lowest concentration cases for both stations to compare the
effect of the river discharge and wind direction.

At coastal station N8, the highest MP concentrations were
detected (1.18 counts/m’) (0.2 counts/m?) when the 3-day mean
discharge (589 m?/s) from the Narva river prior to the sampling
date was greater than the long-term mean discharge (440 m/s).
Moreover, before the observation of the highest MP
concentration, the wind speed and direction at station N8 were
favorable for the coastal downwelling (westerly winds with a
maximum speed over 8 m/s), which supports the accumulation
of MPs along the coast, thus resulting in a high MP
concentration (Figure 7A).

In contrast, when the MP concentration was the lowest (0.02
counts/m>) (0.004 counts/m?), the wind conditions before
observation indicated the occurrence of coastal upwelling in
the area (north easterly winds) (Figure 7B). This water mostly
originated from the subsurface, which explains the low MP
concentration. Thus, we suggest that variation in coastal
mesoscale processes, leading to convergence and divergence of
surface waters, could cause both extremely high and low MP.

The impact of coastal upwelling and downwelling events was
also visible at the coastal stations in the Tallinn Bay. The highest
concentrations at station Pir were measured under the coastal
downwelling and the lowest concentrations were measured
under the coastal upwelling conditions at the southern coast of
the GOF (Figures 7C, D). There is a clear downwelling jet along
the coast directed to the east with relatively large current
velocities during the high-concentration case (Figure 7C) and
an upwelling jet in the opposite direction to the west during the
low-concentration case (Figure 7D). Obviously, the large-scale
coastal divergence and convergence have a significant impact on
the distribution of MPs in the coastal sea.

When comparing the conditions for the lowest and highest MP
concentrations at coastal station K5 (depth 5m), strong winds
prevailed before the highest MP concentrations were observed.
Strong winds cause resuspension of bottom sediments and force
MPs to migrate from sediments to the surface, thereby resulting in
high MP concentrations at the sea surface. On the other hand,
weakened wind-induced resuspension leads to lower MP
concentrations at the sea surface in shallow areas.

In order to better understand the hydrodynamic conditions in
the offshore stations 85 and 14, we looked at the simulated sea
surface temperature and salinity fields in the vicinity of the
stations along with the convergence and divergence based on the
modeled current components during dates with the observed
highest and lowest MP values (Figure 8). The statistical
parameters of different fields are summarized in Table 2.

In the high-concentration cases at both stations, strong lateral
gradients in the salinity and temperature fields in the vicinity of
the stations are seen (Figures 8G, H). During low-concentration
cases, the lateral gradients are much weaker, and the variance of
the fields is much smaller. In addition, the divergence during the
high-concentration case was mostly negative, suggesting
convergence, i.e., accumulation of the matter in the surface
layer. During the low-concentration case, the divergence was
mostly positive in the vicinity of the station.

Although the mean temperature and range during the high-
concentration case was smaller than during the low-
concentration case at 85, the range and variability of salinity
was at least two times larger (Table 2). The variability of the
salinity gradient around the station was almost 6 times larger. At
station 14, the variance (shown as standard deviation in Table 2)
of all parameters are greater during the high-concentration case.

DISCUSSION

We have reported results from the 5-year MP observations in the
eastern Baltic Sea. Next, we compare our findings with previous
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FIGURE 5 | Average MP fiber counts/m® (A-F) and average MP fragment counts/m? (G-L) at each sampling station. The overall average for 2016-2020 was
calculated as an arithmetic mean of all individual concentrations in the sampling location (F, L). The highest MP fiber and MP fragment concentration (counts/m?) at
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studies that collected data using surface trawling (Manta trawl) like
us in the Baltic and global oceans. In the sea surface layer of the
Baltic Sea, Aigars et al. (2021) detected an MP concentration of
0.09-4.43 counts/m?, Karlsson et al. (2020) found 0.18-0.92 counts/
m’ in the Gullmar fjord at the Swedish west coast, 0.05-0.09 counts/
m’ were observed in the South Funen Archipelago (Tamminga
etal, 2018), Gewert et al. (2017) measured 0.19-7.73 counts/m> in
the Stockholm Archipelago, and 0-0.8 counts/m” were found in the
GOF (Setili et al., 2016). In the Arctic waters, Lusher et al. (2015)
revealed MP concentrations of 0-1.31 counts/m?, 0.07-9.25 counts/
m® were measured in the Eastern Mediterranean Sea
(Adamopoulou et al,, 2021), 1.82 counts/m” were observed in the
Mediterranean Sea (Zeri et al., 2018),and 0.06-25.9 counts/m> were
found in the Eastern Indian Ocean (Li et al., 2021).

26

FIGURE 8 | Snapshots of surface temperature (A, D, G, J), surface salinity (B, E, H, K), and current field divergence, uc+v/f, in the surface layers (C, F, I, L) during
the highest and lowest measured concentration of MPs at selected stations. The gray box indicates the location around measurement location with 10-km distance.

o

B

N

27 27

26

Although Aigars et al. (2021) collected samples at numerous
stations during 1 year, while we conducted measurements at three
stations, during 5 years, the mean concentrations in the central GOR
were roughly in the same order. Our observations revealed lower
concentrations in the northern GOR and the Parnu Bay; however.
Setdld et al. (2016) identified an average MP concentration of 0.3
counts/m® in the GOFC region, and our investigation revealed 0.59
counts/m’. We can conclude that the concentrations registered in our
study—in the range 0 0.01 to 2.45 counts/m” (0.002-0.43 counts/m?)
with a mean concentration of 0.49 counts/m> (0.08 counts/m?)—are
in the same order as previous studies in the Baltic Sea.

The mean concentrations in the three subregions in the GOF
were in the range of 0.46-0.65 counts/m>, while it was 0.33
counts/m” in the GOR. The difference between concentrations in
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TABLE 2 | Statistical values of different surface parameters around the monitoring stations during the observed highest and lowest value of MPs.

Station 85 (Highest concentration)

Variable T[°C] S [PSU] D IVHT] [°C km™"] |VuS| [PSU km™]
Mean 2.38 6.98 -0.010 0.054 0.028

Min 2.19 6.80 -0.248 0.001 0.001

Max 2.70 7.22 0.211 0.262 0.141k

c 0.10 0.09 0.083 0.041 0.028
Station 85 (Lowest concentration)

Variable T[°C] S [PSU] D [VHT| [°C km™] [VS| [PSU km™]
Mean 9.83 7.35 0.020 0.060 0.011

Min 9.48 7.29 —-0.063 0.001 0

Max 10.05 7.42 0.130 0.174 0.036

o 0.13 0.03 0.032 0.039 0.007
Station 14 (Highest concentration)

Variable T[°C] S [PSU] D |VT] [°C km™] VeS|
Mean 13.69 5.39 -0.028 0.194 0.036

Min 10.98 5.01 -0.183 0.006 0

Max 14.70 5.93 0.111 0.716 0.149

o 1.01 0.21 0.060 0.164 0.028
Station 14 (Lowest concentration)

Variable T[°C] S [PSU] D |VHT] [°C km™] |ViS| [PSU km™]
Mean 7.90 6.08 0.015 0.050 0.012

Min 7.31 6.03 -0.105 0.002 0

Max 8.39 6.25 0.152 0.231 0.070

o 0.21 0.04 0.051 0.043 0.011

T is temperature, S is salinity, D is current field divergence normalized with Coriolis parameter f, | ,iT| is lateral gradient of temperature, and |V ;S| is lateral gradient of salinity.

the GOR and GOF could be explained by human pressure.
Population in the catchment area per surface area of the GOF
is ca. 400 inhabitants km > while it is 150 inhabitants km > in the
GOR catchment (HELCOM, 2004). Note that in the easternmost
part of the GOF, in the area we did not cover, the MP
concentrations are probably higher than we observed due to
the impact of river Neva (Martyanov et al., 2021). If we combine
our results with Aigars et al. (2021), a meridional pattern is
revealed in the GOR: higher MP concentrations in the south and
lower MP concentrations in the north. This could be related to
the population in the catchment areas as well. The water entering
the southern part of the GOR is impacted by ca. 2.4 million
inhabitants while the total population in the catchment area of
the GOR is ca. 2.7 million.

Thelow human pressure is a likely reason behind the small mean
concentration in the VS. The catchment area of the VS has an
extremely low population, and there are no larger towns or other
considerable point sources at the coast of the VS. Low MP
concentrations in a similar area, in the South Funen Archipelago
in Denmark, were explained by the sheltered position of the study
area, low human pressure on adjacent islands, and the absence of
any major potential point sources (Tamminga et al., 2018).

We registered considerable amounts of MPs at stations Pal
(2.10 counts/m?) and 2 (1.49 counts/m®) in proximity to the city
of Tallinn. Our observations follow previous studies that
reported that the MP particle concentrations are frequently
greater near densely populated urban areas with pollution
sources such as industry and wastewater treatment plants
(Yonkos et al., 2014; Gewert et al., 2017; Schénlau et al., 2020).

High mean MP concentration was detected at offshore station
85. This is a somewhat controversial result as earlier studies have

reported higher values near coasts and rather low values offshore
in the BP (e.g., Aigars et al., 2021). No major rivers enter the area,
or remarkable point sources (cities and towns) are nearby. On
the one hand, a possible explanation could be that the northern
BP is the accumulation zone, where the discharge and buoyant
particles from different basins (the GOF, GOR, Bothnian region,
and south- and eastern BP) are concentrated. Secondly, the mean
cyclonic current structure of the BP (Placke et al., 2018; Liblik
et al., 2022) recirculates/traps the surface water in the basin for a
longer period. In addition, MPs exhibit different buoyancy
characteristics based on their density, shape, size, and
biofouling rate (Adamopoulou et al., 2021). Convergence and
downwelling act as a sorting mechanism, with relatively larger
particles staying in the surface layers and smaller particles getting
transported deeper in the water column (van Sebille et al., 2020).
The biofilm growth is generally faster for smaller particles due to
their high surface-to-volume ratios (Tsiaras et al., 2021). Thus,
the buoyancy patterns described above and the fact that nearly
81% of MPs detected were smaller than 1 mm allow us to justify
the high mean MP concentration at station 85. Recently, it has
been shown that the region is prone to be affected by the
submeso- and mesoscale activity (Vili and Zhurbas, 2021;
Zhurbas et al., 2022), which can contribute to the convergence
and divergence of MPs in the surface layers. We showed that
high variability and convergence at the (sub)mesoscale could be a
factor leading to high MP concentrations, but further
investigations are needed to understand the pathways and
reasons behind the phenomenon.

We considered two shapes of the MP particles in the current
study: fibers and fragments, which accounted for 96% of the
encountered particles in the eastern Baltic according to the
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recent study (Aigars et al., 2021). MP fragments are more likely
to break up into smaller pieces and are caught in the Manta trawl
than other MPs (Li et al., 2021). Synthetic fibers derived from
textile materials could enter the aquatic ecosystem through
sewage systems, surface runoff, or atmospheric transport and
deposition (Bai et al., 2018; Liu et al., 2019; Wang et al., 2020).

The share of fibers (51%) and fragments (49%) was
approximately equal in the current study. The latter is valid for
the whole dataset, as well as the subregions. However, the share
of shapes and concentrations might be influenced by the
sampling method: Manta trawling with the mesh size of 330
pm. Many studies reported more fibers on the sea surface (Setild
et al,, 2016; Bagaev et al,, 2017; Gewert et al., 2017; Tamminga
et al,, 2018; Aigars et al,, 2021), compared with fragments. On
the other hand, some studies showed a lower proportion of fibers
(Zhang et al,, 2017; Pan et al., 2019; Karlsson et al., 2020). When
samples are collected using the Manta trawl, MP fibers might
leak in high numbers through the 330-um mesh but could be
more efficiently trapped when the mesh size is smaller (<100 pum;
Setild et al., 2016). However, even when a smaller mesh size (100
pm) is used, the number of fibers does not appear to rise, as fiber
size, particularly from clothes, is less than 20 pum (Setild
et al.,, 2016).

Despite the equal share of fibers and fragments, the
correlation between the concentration of the two shapes in the
whole dataset was weak, although significant. However, high
correlations were found near the Pérnu river mouth at station K5
(¥ = 0.87) and near the outlet of the Paljassaare wastewater
treatment plant, at station Pal (** = 0.60). In the rest of the
stations, there was a significant weak correlation, except at
station 2 in the GOF and offshore station 85 in the BP, where
the correlation was not found. Due to disturbance-induced
vertical transport, small size MPs get resuspended to the
surface layer (Xia et al, 2021). As K5 is a shallow station
(depth, 5 m), and nearly three-fourths of MP detected are
small, we suggest that the high correlation is related to the
resuspension of MP to the sea surface layer. Correlation
further off the sources was weaker due to the impact of marine
processes, e.g., biofouling and vertical mixing, which could have
a different effect on the fibers and fragments.

The MP fragments were mostly white, blue/green, and gray/
black, whereas MP fibers were mostly gray/black and blue/green
in the current study. This result is consistent with other studies
where MP fragments and MP fibers were reported (Zhang et al.,
2017; Karlsson et al., 2020; Aigars et al., 2021). The share between
the two size classes 330-999 pum and 1,000-4,999 um was 75%
and 25%, respectively. The higher number of particles with
decreasing size has been documented earlier in the eastern
Baltic Sea (Setild et al., 2016; Aigars et al,, 2021).

The mean concentration was higher in autumn than in
summer in all regions and stations. This seasonal signal is
likely related to the biofouling and consequent sinking of the
MP (Kaiser et al., 2017). Spring and summer are biologically
active seasons in the Baltic Sea (Lips et al., 2014; Kahru et al,,
2016; Purina et al., 2018). Decay and deepening of the seasonal
thermocline and cooling of the upper mixed layer water start in

the second half of August in the eastern Baltic Sea (Liblik and
Lips, 2011; Skudra and Lips, 2017), which leads to the decrease of
organic matter production (e.g., Gasitinaité et al., 2005), reduced
biofouling, and consequently declined sinking rate of the MP.
Moreover, the density of the upper mixed layer increases in
autumn, which increases the buoyancy of the MP and reduces
the sinking probability as well.

The shorter-term and smaller-scale spatial variability of the
MP concentration in the sea surface is shaped by various
processes such as advection, divergence, convergence, and
vertical mixing (Auta et al., 2017; Lebreton et al., 2018; Zhang
et al,, 2020). The wind mixing distributes the MP vertically
(Kukulka et al., 2012); thus, the MP concentration in the surface
layer and wind speed can be negatively correlated (e.g., Schonlau
et al, 2020). We found a significant negative, but weak
correlation between the wind speed and the MP concentration
only at offshore station 14.

The highest concentrations of the MP at the coast of Narva
Bay were observed during the downwelling event while the
lowest value was detected during the coastal upwelling event.
There was a 60-fold difference between the highest and lowest
case. The low values during upwelling can be explained by the
subsurface origin of the water. The upwelling water originates
from the cold intermediate layer in the GOF (Lips et al., 2009).
The downwelling causes convergence of the upper layer water
and the upper mixed layer in summer could deepen over 40 m
(Liblik et al., 2017). Despite the downward movement, the
buoyant-enough particles tend to stay at the surface and
accumulate (Kooi et al., 2016; Waldschldger and Schiittrumpf,
2019). Thus, in the enclosed sea, where wind from any direction
causes downwelling/upwelling along some coastal sections
(Myrberg and Andrejev, 2003), the coastal mesoscale processes
can potentially cause remarkable variability in the MP
concentrations. Moreover, mesoscale eddies could redistribute
the MP. The anticyclonic eddies converge the debris, and thus,
concentrations there can be much higher compared to cyclonic
eddies as shown in other areas (Brach et al., 2018). It is probable
that the submesoscale processes, which are evident in the
observations (e.g., Lips et al., 2016) and which converge and
diverge tracers according to simulations (e.g., Zhurbas et al.,
2022) in the smaller spatiotemporal scale, affect the MP
concentrations and pathways as well in the Baltic Sea. Our
samples were collected along a 1- to 4-km long line; thus, to
study the MP in the submesoscale in more detail, other
measurement methods, e.g., in situ pumping (Karlsson et al.,
2020), should be implemented.

CONCLUSIONS

The dataset analyzed in the present study provides the first view
on MP pollution and its spatiotemporal variability in the surface
water of the eastern Baltic Sea. MPs were found in all 122
samples, and their concentration varied from 0.01 to 2.45
counts/m> with a mean concentration of 0.49 counts/m’. The
obtained concentration ranges, the share of the MP fragments
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and fibers, and the color composition of MPs generally agree
with previous studies in the neighboring areas. The regional
differences in the mean MP concentrations in the GOF, GOR,
and Viinameri Archipelago Sea are likely related to the human
pressure (population) in the catchment areas. The seasonal
increase in the concentration from summer to autumn can
likely be explained by the decline in the biofouling in autumn
and related decrease in the sinking rate of particles.

The high variability in the observations was probably the result
of multiple processes, which could not be fully captured by the
design of the monitoring program. However, we managed to show
that upwellings and downwellings, and wind mixing play a role in
the variability of the sea surface MP concentration. It is likely that
other (sub)mesoscale processes alter the MP concentrations in the
surface layer as well. To improve the knowledge on the pathways of
the MPs, the processes in the (sub)mesoscale from the sources to
offshore should be addressed by further dedicated observational and
modeling studies. Likewise, the measurement and modeling effort
to estimate the land-sea and water column-sediment fluxes of MPs
should be sought.
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Mapping microplastic pathways
and accumulation zones in the

Gulf of Finland, Baltic Sea —
insights from modeling

Arun Mishra*, Enriko Siht, Germo Vali, Taavi Liblik,
Natalja Buhhalko and Urmas Lips

Department of Marine Systems, Tallinn University of Technology, Tallinn, Estonia

A hydrodynamic model coupled with a particle tracking model was used to
identify the pathways and accumulation areas of microplastics (MP) in the Gulf of
Finland (GoF) over a three-year period (2018-2020). Two key sources,
wastewater treatment plants (WWTPs) and rivers, were considered, focusing on
polypropylene (PP)/polyethylene (PE) and polyethylene terephthalate (PET)
particles sized 20-500 um. Rivers contribute 76% of total MP entering the gulf,
while WWTPs account for the remaining 24%. Most of the MP accumulates inside
the gulf and does not drift to the Baltic Proper. The eastern part of the gulf
exhibits the highest surface concentrations of particles influenced by the Neva
River. In the water column, MP concentrations were notably high in shallow
coastal areas, decreasing gradually offshore. Potential MP accumulation zones
were identified primarily between longitudes 28°E and 30°E, particularly near the
major rivers Narva and Kymi and in the easternmost gulf related to the Neva River
discharge. The MP concentrations in the surface layer and water column were
higher in winter while settling was more intense in summer. Short-term variability
in the surface layer was caused by (sub)mesoscale advection and divergence/
convergence, while in the near-bottom layer, strong bottom currents and
consequent resuspension elevated the concentrations.

KEYWORDS

microplastic, microplastic pathways, hydrodynamic modeling, Lagrangian particles,
GETM, ERGOM, Gulf of Finland, Baltic Sea

1 Introduction

Microplastics (MP), which are particles smaller than 5 mm, can be found in various
aquatic environments, including the oceans, seas, estuaries and rivers (Cole et al., 2011;
Jambeck et al.,, 2015; Setild et al., 2016; Mishra et al., 2022; Matjasic et al., 2023). The
significant increase in plastic production since the early 1970s has raised numerous
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concerns about plastic pollution in aquatic systems. It has been
estimated that over 170 trillion plastic particles are floating in the
world’s oceans (Eriksen et al, 2023), and their presence is also
increasing in the seabed, coastlines, and marine biota (Barnes et al.,
2009; Suaria and Aliani, 2014; Llorca et al., 2020; Matjasic et al.,
2023). Despite substantial efforts and initiatives to reduce plastic
usage, global annual plastic waste production is projected to
continue rising in the coming years. By 2025, the United Nations
Sustainable Development Goal 14.1 aims to reduce marine
pollution, including plastics.

In Europe, The Marine Strategy Framework Directive (2008/56/
EC, European Commission, 2008) (MFSD) identified anthropogenic
litter as a dominant pressure and a main source of impact on coastal
habitats. The MSFD establishes requirements for the EU (European
Union) member states to achieve and maintain a good environmental
status in their marine environments, as well as to prevent any future
deterioration including the MSFD descriptor D10. In addition, the
European Chemical Agency (EGCHA) has proposed restriction of
MP in many products within the EU/EEA (European Economic
Area) region, with the goal of preventing or minimizing their
discharge into the environment (European Chemicals Agency,
2019). In 2021, the European Union also banned single-use plastics
within its member states (Harvey and Watts, 2018).

According to GESAMP (2019), the marine environment can be
infiltrated by plastic through multiple entry points, including
riverine systems, shoreline activities, shipping, and atmospheric
deposition. Various studies (Ziajahromi et al., 2016; Mintenig et al.,
2017; Kay et al., 2018; Prata, 2018; Schernewski et al., 2020) have
highlighted the significant influence of human activities on MP
deposition. Among these activities, Wastewater Treatment Plants
(WWTPs) are recognized as a significant emission pathway. For
example, Municipal WWTPs have shown high efficiency in
removing MP (Carr et al., 2016; Talvitie et al., 2017; Gies et al.,
2018); however, untreated WWTP effluents exhibit elevated MP
concentrations (Sun et al., 2019; Schernewski et al., 2020). Baresel
and Olshammar (2019) proposed that MP retention in WWTPs
based on their respective treatment stages ranges from 85% to 98%
in the Baltic Sea region. Despite this relatively high overall removal
efficiency, WWTPs are still considered a significant MP emission
pathway in the Baltic Sea region due to the substantial volumes of
wastewater they process (Baresel and Olshammar, 2019). In the
Baltic Sea, wastewater and stormwater plants are typically separated
(Schernewski et al., 2020). Sewer overflows, comprising stormwater
and untreated wastewater can substantially contribute to the MP
load in the environment (Magnusson, 2016; Dris et al., 2018).
During periods of heavy precipitation, stormwater serves as a
critical entry point for MP into the aquatic environment. Baresel
and Olshammar (2019) suggest that the yearly discharge from sewer
overflows is comparable in magnitude to that of treated wastewater.

Several studies have indicated that rivers are a primary source of
MP and play a crucial role in transporting plastic waste into oceans
(Jambeck et al., 2015; Siegfried et al., 2017; Schrank et al., 2022).
Rivers flowing through highly populated cities with significant
industrial activity along their banks may serve as an important
source of MP in the estuarine bays such as the Gulf of Finland
(GoF) in the Baltic Sea (Martyanov et al, 2021). It has been
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estimated that between 1.15 and 2.41 million tons or more of
plastics are deposited annually into oceans via rivers (Lebreton
et al., 2017; Schmidt et al., 2017). Numerous studies have discussed
the pollution patterns of large rivers and provided insights into the
regional and global factors responsible for MP pollution in the
water column and sediments (Matjasic et al., 2023). High variability
in MP concentration can be seen in both the water column and
sediments depending on factors such as sampling methodology,
anthropogenic activities and the size of the catchment area (She
et al, 2022; Matjasic et al., 2023). Additionally, a significant
proportion of marine beach litter is attributed to the input of
plastic waste into rivers (Veerasingam et al., 2016). However, it is
important to note that this study does not consider river retention
in its analysis.

The Baltic Sea, located in northern Europe, is known as one of
the largest brackish water bodies in the world (HELCOM, 2023).
With a catchment area four time larger than its surface area
(372,858 km?) (Marko and Urs, 2013) and an average depth of
55m, the Baltic Sea faces significant challenges related to marine
litter (HELCOM, 2023). Coastal areas along the Baltic Sea exhibit
significant concentration of beach litter (HELCOM, 2023). Plastic
materials make up the most frequently encountered marine litter in
the Baltic Sea (HELCOM, 2023). As of 2023, HELCOM’s aim to
substantially decrease plastic waste and mitigate its harmful effects
on coastal and marine ecosystems remains unfulfilled (HELCOM,
2023). The Baltic Sea receives a substantial volume of water from
various rivers, with an average combined flow rate of approximately
14,085 m’/s (Meier and Kauker, 2003). Due to the extended
residence time of pollutants in the Baltic Sea during the water
renewal period, which can last up to 30 years (Leppiranta and
Myrberg, 2009), the pollutants present in the Baltic Sea have a
significant impact on the aquatic environment. Consequently, it is
reasonable to assume that the Baltic Sea serves as a major hotspot
for plastics, primarily through river discharge. Large impacts of
riverine inputs as critical pathways for plastics into marine
environments has also been identified in other parts of the world
(Vianello et al., 2018; Uaciquete et al., 2024).

The GoF is an elongated estuarine basin situated in the
northeastern region of the Baltic Sea with an average depth of 37
m and a maximum depth of 123 m (Leppiranta and Myrberg,
2009). The gulf stretches approximately 400 km in length, with a
width that varies between 48 and 135 km (Alenius et al., 1998).
There is a free water exchange between the GoF and BP at the
western border, and fresh water is discharged mostly to the eastern
part of the GoF. Several studies have reported the presence of MP in
the GoF (Lips et al., 2020; Setil4 et al., 2016; Uurasjérvi et al., 2021;
Mishra et al., 2022). However, the knowledge about the spatial and
temporal variation of MPs in the Baltic Sea is limited (Aigars et al.,
2021). In addition, the methodology for acquiring information
about MPs can vary based on the instruments utilized, mesh size,
sampling depth, and the extent of the sampling area (Mishra et al.,
2022; She et al., 2022).

Modeling the movement and fate of MP is particularly relevant
in semi-enclosed systems like the Gof, where limited exchange and
localized inputs contribute to accumulation of marine debris
(Tsiaras et al,, 2021). Eulerian and Lagrangian models are
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commonly used in such simulations (Bigdeli et al., 2022).
Lagrangian modeling, also known as particle tracking modeling,
tracks individual particles (Siht et al., 2025, in press), while an
Eulerian approach considers advection and diffusion at specific
locations (Bigdeli et al., 2022). Pirn et al. (2023) employed a
combination of a hydrodynamic model and a particle tracking
model to understand the transport and fate of marine litter
including accumulation areas in the Baltic Sea. Martyanov et al.
(2023) considered different initial fall velocities of suspended MP to
study their distribution in the eastern GoF. Schernewski et al. (2021)
incorporated emission scenarios from WWTPs and combined
sewerage plants into their model to estimate the fate of plastics in
the Baltic Sea environment. The GETM (General Estuarine
Transport Model) ocean circulation model has been utilized in
several studies, including those conducted by Schernewski et al.
(2021) and Osinski et al. (2020), to analyze the transportation of MP
in the Baltic Sea. However, these studies did not include the impact
of biofouling on the buoyancy of floating MP and their removal
process through sinking and sedimentation (Osinski et al., 2020;
Schernewski et al., 2021). Modeling studies in the Baltic Sea
(Martyanov et al,, 2021; Frishfelds et al., 2022; Murawski et al.,
2022), North Sea (Cuttat, 2018), and Mediterranean Sea (Tsiaras
et al,, 2021) have incorporated biofouling of MP particles that is
important to simulate their fate in the marine environment
accurately (Murawski et al., 2022).

The objective of this study is to provide an overview of the
pathways and accumulation areas of MP in the GoF using a multi-
year high-resolution model simulation and realistic loads from the
rivers and WWTPs. We chose Lagrangian particle tracking model
approach, describing MP as Super-Individuals (SI; (Scheffer et al.,
1995) to improve computational efficiency, with each SI
representing a group of particles. We have also conducted a series
of sensitivity experiments aimed at gaining a deeper insight into the
impact of various processes, such as mixing, beaching,
resuspension, and biofouling (Siht et al, 2025, in press). In the
present study, a 3-year model simulation was conducted to identify
potential MP accumulation patterns in the surface layer, water
column and sediments.

The paper is organized as follows: it begins with a description of
the hydrodynamic model, biogeochemistry model, and Lagrangian
particle tracking model, along with MP input data sets. It is followed
by an analysis of the model results, aiming to uncover the MP
pathways and accumulation areas in the GoF. Finally, the results are
discussed, and conclusions are derived.

2 Materials and methods
2.1 Hydrodynamic model and setup

General Estuarine Transport Model (GETM) (Burchard and
Bolding, 2002) has been used to simulate the circulation and density
fields of the Baltic Sea and GoF in this study. GETM is a hydrostatic,
three-dimensional primitive equation model that has embedded
adaptive vertical coordinates (Hofmeister et al., 2010; Klingbeil
etal., 2018), which significantly reduces the numerical mixing in the

Frontiers in Marine Science 03

10.3389/fmars.2024.1524585

simulations (Grawe et al., 2015). The vertical mixing (viscosity and
diffusion) in the GETM is calculated with two equation k-& model
via coupling with General Ocean Turbulence Model (GOTM)
(Burchard, 2001; Canuto et al., 2001) and the sub-grid horizontal
mixing with Smagorinsky parameterization (Smagorinsky, 1963).

The biogeochemistry model ERGOM (Neumann et al., 2002;
Neumann and Schernewski, 2008) is coupled with the
hydrodynamic model via Framework Aquatic Biogeochemical
Models (FABM; Bruggeman and Bolding, 2014) and has been
used to calculate the chlorophyll-a concentration for biofouling of
MP in the Gulf of Finland. In short, ERGOM has 12 state variables
and describes a nitrogen and phosphorus cycle, although part of the
phosphorus is considered with the N:P ratio (Redfield, 1934). More
details about the ERGOM model can be found from in (Radtke
et al., 2019; Neumann et al., 2022) and references therein.

We are using a three-level nested modelling system. The whole
Baltic Sea has been simulated with a horizontal grid step of 1
nautical mile (approximately 1852 m) and 50 adaptive vertical
layers (Griwe et al., 2015). Medium-resolution model based on the
settings described in Zhurbas et al. (2018) and Liblik et al. (2020,
2022) has a horizontal grid spacing of 0.5 nautical miles and covers
the central Baltic Proper along with the Gulf of Finland and the Gulf
of Riga. The high-resolution model covers the Gulf of Finland and
has a horizontal grid spacing of 0.125 nautical miles. The number of
adaptive layers in medium- and high-resolution runs is 60. Spatially
interpolated results with hourly resolution from the coarse-
resolution model are used for the boundary conditions in the
medium-resolution model and from the medium-resolution
model are used for the boundary conditions in the high-
resolution model.

Atmospheric forcing at the sea surface (wind stress and heat
flux) is calculated offline from the ERAS5 re-analysis (Hersbach et al.,
2020). Freshwater input to the models is based on the runoff data
compiled for the Baltic Model Intercomparison Project (Groger
et al., 2022) by Vili et al. (2019) and Estonian rivers have been
corrected by the input estimates from EstModel (https://
estmodel.app/en/#/estimates, last access 10.09.2023).

The simulation period for the high-resolution model was from
2018 to mid-2021. The runs were initially started from a motionless
state, i.e. current velocity components and sea surface height were
set to zero. Previous studies have shown that the adjustment of the
wind-driven circulation in the Baltic Sea takes only a few days (e.g.
Krauss and Briigge, 1991; Lips et al., 2016).

For more details of the model setup and validation, the reader is
referred to (Siht et al 2025, in press).

2.2 Lagrangian particle model

We employed the Lagrangian particle tracking model described
by (Siht et al 2025, in review) to track virtual MP particles. The
particle tracking model used the 12-hour 3-dimensional output of
the high-resolution GETM setup for particle transport. Beyond
advection, our model accounted for several additional processes: 1)
dispersion, 2) beaching, 3) biofouling, and 4) resuspension.
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Our model computed the horizontal diffusion coefficient for
particle dispersion based on the current shear velocity, following the
Smagorinsky method (Smagorinsky, 1963). Here, we set the
Smagorinsky coefficient C, to 0.2.

Beaching was implemented through a timer-based approach,
where particles became beached after a specified duration in the
beach zone. In our simulations, all particle types shared a uniform
beaching time of 10 days. The beaching zone was defined as the sea
cell nearest to the shoreline (i.e., 250m). Resuspension from beaches
was not implemented, i.e., once beached, the particle remained still
and was effectively removed from the simulation.

Following Murawski et al. (2022), biofouling is described as a
saturated growth process that depends on the maximum biofilm
thickness and the growth time scale. The biofouling process was
initiated when chlorophyll-a concentration exceeded 1.1 mg m™. In
the current simulations, the maximum biofilm thickness was set to
6.7% of the initial particle radius, and the growth time scale was set to
20 days.

Negatively buoyant particles could settle and be resuspended
when the critical shear velocity was exceeded. The vertical velocity
gained from resuspension was proportional to the local bottom
friction velocity.

The simulation period for the particle tracking model was from
2018-02-05 to 2021-01-01. New particle coordinates were calculated
with a time step of 600 seconds. At each time step, the current velocity
components (and other hydrological parameters) were interpolated in
time and space to the exact particle locations. The particle coordinates
were saved at 12-hour intervals. A total of approximately 146 million
particles were released during the simulation.

2.2.1 Calculations

The concentrations of MP particles in the surface layer were
defined for the water layer from the sea surface to the geopotential
height of -1 m. The water column was defined as extending from the
sea surface to the uppermost layer of the seabed, and the
concentrations were integrated over the entire column. The
meridionally integrated values refer to the temporal average of
integrated values from south to north, which essentially describes
the cross-sectional profile of the entire model domain. All mean
concentration fields were spatially smoothed with a 2.5 km window
to reduce the high-frequency variability. The size of the window
aligns with the local baroclinic Rossby radius of approximately 2-4
km (Alenius et al., 2003). The results presented in the current study
are based on two model years (2019-2020) after a spin-up period of
one year.

2.3 Emission scenarios

2.3.1 Microplastics sources and
emission calculations

The fate of MP in the marine environment relies heavily on the
density of plastics. Density serves as a determining factor in
classifying plastics into two main categories: floating and
sinking types. Floating plastics consist of high- and low-density
polyethylene (PE) with a density range of 915-970 kg/m?, as well
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as polypropylene (PP) with a density range of 890-920 kg/m’
(Schernewski et al., 2020). Sinking plastics include rigid polyvinyl
chloride (PVC) with a density range of 1300-1450 kg/m’ and
polyethylene terephthalate (PET) with a density of 1380 kg/m?
(Schernewski et al., 2020). PP, PE, and PET are the most prevalent
plastics observed in aquatic environments (Kooi and Koelmans,
2019). In this study, two main sources of plastics were considered:

a. MP inputs from WWTPs were estimated based on the study by
Schernewski et al. (2020). The MP load into the GoF catchment
(Figures 1A, B) was calculated using treated wastewater discharge
data and particle concentrations in raw water. The average
minimum and maximum MP concentrations in raw wastewater
were based on literature (Schernewski et al, 2020), and we
considered maximum MP concentrations (Figure 1C), and river
retention was not taken into consideration.

b. MP inputs from rivers were selected as another major source of
marine plastic pollution because they are responsible for a high
level of land-based sources, such as mismanaged waste (Jambeck
et al, 2015). The variability in observed MP concentrations in
rivers is notable (Constant et al., 2020) partly caused by the choice
of sampling method, the type of instrument used, the lower size
limit of MPs being sampled, the season during which sampling
takes place, and the specific processing and analysis methods
employed. According to Schrank et al. (2022), surface water
samples from the Danube River had an average concentration
of 48.7 particles/m’. The average concentration of plastic in the
Tét River was 42 particles/m3 (Constant et al., 2020), while the
Narva River had an average of 47 particles/m” (Lips et al., 2020).
Based on the above literature and assuming that only a quarter
comes from WWTPs (Schernewski et al., 2020), in this study, we
considered the MP amount in the rivers (without contribution of
WWTPs) to be 35 particles/m®. We calculated the daily load of
MP from river sources (particles/day) by multiplying the
concentration of 35 particles/m® by the river discharge in the
GoF (Figure 1D).

The floating and sinking behavior of MP is not only determined
by their density but is also influenced by their size and shape. In our
study, we focused on MP with a size range of 20-500 um, which we
divided into two classes: 20-200 and 200-500 wm. Based on
Schernewski et al. (2021) and Kuddithamby et al. (2024), we
assumed that 90% of the MP would fall into the 20-200 pum size
class. Additionally, we assumed that the MP had a spherical shape.

2.3.2 Emission scenarios for PP/PE and PET

Calculated emissions from WWTPs and rivers serve as the
inputs for the two main scenario runs.

In Scenario 1, the focus was on evaluating the loads of PET and
PP/PE from WWTP sources, specifically considering the 20-500 um
MP size fraction. To gain a deeper understanding, this size fraction
was further divided into two sub-ranges: small particles (20-200
pum) and large particles (200-500 um) for both PET and PP/PE.

In Scenario 2, the analysis encompassed PET and PP/PE loads
from riverine sources, taking into account the 20-500 um MP size
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Panel (A, B) represent a map of the Baltic Sea and a map of the WWTPs (blue dots) and river (red dots) emissions points at the coast of the GoF.
Yellow dots represent the cities mentioned in the study. The red line indicates the thalweg along the GoF; panels (C, D) display the emissions of PET
and PP/PE MP particles (20-500 um) from WWTPs and riverine sources entering the GoF. The diamond markers in panel (1C) represent emissions

from inland WWTPs.

fractions. Like Scenario 1, this size fraction was divided into two
sub-ranges: small particles (20-200 pm) and large particles (200-500
um) for both PET and PP/PE.

Thus, eight scenario runs were simulated in total, representing
two types of MP, two size fractions, and two emission pathways. It is
important to note that all scenarios assume a constant daily MP
emission throughout the entire simulation period (Table 1),
facilitating a thorough evaluation of MP pollution. Thus, eight
scenario runs were simulated in total, representing two types of MP,
two size fractions, and two emission pathways.

3 Results

3.1 Overall variability of
microplastic distribution

The time series of the share of particles in different states is
shown in Figure 2. The overall spin-up of the model was relatively

fast - after initialization, the share of particles in the water column
dropped quickly to approximately 15%, while the share of
sedimented particles stabilized between 75 — 80%. Meanwhile, the
share of particles at the boundary reached approximately 1%, and
the share of beached particles reached 10% during the spin-up
period. The small light particles were the most abundant in the
water column, and the large heavy particles were the least common
(see Figures 2A, B). Most particles that left the GoF (reached the
boundary) also belonged to the small light class (3%), whereas the
large light particles beached the most (28%). Approximately 65% of
the small light and large light particles and 92% and 95% of the
small heavy and large heavy particles, respectively, settled after 3
years of simulation.

3.1.1 Variability of surface concentrations

The average concentration of MP particles in the surface layer is
shown in Figure 3. The concentrations were larger for the light
particles (PP/PE) compared to heavy particles (PET) but high for
both types near major coastal sources (Figures 3E, F). Since the

TABLE 1 Distribution of total emissions of PET and PP/PE particles from WWTPs and rivers per day.

Emissions to the GoF catchment

Sources 20-500 um

WWTP - (PET) 1.55E+09 1.40E+09
WWTP - (PP/PE) 1.95E+09 1.76E+09
River - (PET + PP/PE) LO9E+10 9.86E+09
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200-500 um % share
1.55E+08 243
1.95E+08

1.09E+09 75.7
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riverine input to the Russian part was six-fold greater than the
combined input to the Estonian and Finland parts, the highest
concentrations of riverine-origin MP were in the eastern part of the
gulf (Figures 3A, B). The WWTP-origin particle concentrations
were high in the vicinity of larger cities (St. Petersburg, Helsinki and
Tallinn, Figures 3C, D). The overall mean riverine origin particle
concentrations for PP/PE within the model domain were about 3.8
particles/m?, but the maximum values exceeded 50 particles/m” in
the eastern part of the gulf (Figure 3B). The PET particles did not
disperse as extensively as PP/PE particles from the eastern part of
the gulf towards the west. PET particles from WWTPs were
primarily gathered near Helsinki and in the eastern part of the
gulf (Figure 3C). PP/PE particles from WWTPs had a similar
distribution to the PET, but dispersion was higher, and the
impact of Tallinn was more pronounced. On average, the PET
and PP/PE particles released from WWTPs had concentrations of
0.1 and 1.0 particles/m” within the model domain, respectively.
When considering particles from both rivers and WWTPs, the
average surface concentrations for PET and PP/PE particles were
1.4 particles/m” and 4.8 particles/m?, respectively. The findings
indicate that most of the MP particles in the central gulf are
predominantly retained near their source areas, with limited long-
distance transport.

10.3389/fmars.2024.1524585

3.1.2 Water column

Figure 4 provides an overview of the mean spatial distributions of
vertically integrated MP amounts in the water column during 2019 and
2020. The occurrence of particles in the water column was larger in the
eastern part than in the western part of the gulf, where concentrations
were much smaller for both the riverine and WWTP-origin particles.
Heavy particles tended to remain closer to sources (rivers and
WWTPs) in the eastern part, but high integrated concentrations can
also be seen along the thalweg of the gulf in the western part.

The model data suggests that a gradual decrease in MP
concentration was likely influenced by both the configuration of the
gulf and the distance from the main sources (Figure 4). Particularly in
shallower areas, to the east from 28°E, there was an elevated presence of
riverine PET and PP/PE particles (Figures 4A, B). Conversely, in the
region to the west from 28°E, where the Neva River has less influence,
lower concentrations of riverine-origin PET and PP/PE particles were
observed. The mean concentrations of WWTP-origin particles were
higher in both the eastern and western regions, with lower
concentrations between 26°E and 28°E (Figures 4C, D). This
variation in WWTP-origin PET and PP/PE particles is likely due to
the locations of the main input sources. The region between 26°E and
28°E receives less pollution from WWTPs, resulting in lower
concentrations of WWTP-origin particles in this area.
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Time series of the particle budget in different classes for the Gulf of Finland. (A) water column, (B) bottom, (C) boundary, and (D) beached. All time

series have been smoothed using a 7-day moving window.
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FIGURE 3

Mean concentrations of PET and PP/PE MP particles (20 - 500 um) in the surface layer of the GoF in 2019-2020. Panels (A, B) represent the riverine
origin PET and PP/PE particles; panels (C, D) WWTP origin PET and PP/PE particles; panels (E, F) display composite maps of different origin PET and

PP/PE particles.

Figure 5 represents the meridionally integrated concentrations
from south to north in the water column during 2019 and 2020.
From the surface to the seabed, PET particles had lower
concentrations, while PP/PE particles were more prevalent, likely
due to the higher density of PET particles, causing them to sink
more quickly (Figures 5A-D). A characteristic vertical distribution
of particles with high concentrations near the sea surface and the
seabed and a minimum in the intermediate water layer is revealed
for both particle types in the deeper areas of the gulf.

3.1.3 Accumulation of particles

Sedimentation of particles of different origins and classes is
shown in Figure 6. Sedimentation of the MP has occurred almost
on the whole seabed of the gulf. The largest concentrations in the
seabed are in the eastern part of the gulf, similar to those in the water
column. The heavy particles (PET) tend to sink quickly and
accumulate in the coastal areas, with notable amounts observed in
Neva Bay, Narva Bay and near Kotka on the northern coast.
Relatively high values were also in deeper areas of the central part
of the gulf (Figure 6A). WWTP-origin PET particles had the highest
values in the western and eastern parts of the gulf, while lower
accumulation rates were revealed between 26.5 and 28°E (Figure 6C).

The composite maps indicate the overall accumulation
(Figures 6E, F). In principle, the highest concentrations of both
heavy and light particles were in the easternmost part of the gulf and
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Narva Bay. There is a tendency for higher concentrations near the
coastline along the southern coast, while in the northern part, the
sedimentation is more homogenous (Figure 6F).

3.1.4 Beaching of particles

The accumulation of particles on beaches around the GoF is
shown in Figure 7. The whole coastline of the gulf has been
impacted by the MP, although the load varied in space. Overall,
more light particles beached compared to the heavy particles — the
average number of beached particles was nearly 20 times higher for
the light particles. Nevertheless, a relatively high number of heavy
particles from rivers (> 10° particles/m) have beached on the
southern shore of Neva Bay. A high number of light particles
from rivers have beached in Neva Bay and Narva Bay, and along the
Finnish coastline; particles from WWTPs are also numerous
around Neva Bay, inside Tallinn Bay, in the vicinity of Helsinki,
and at some spots along the northern coast.

3.2 Seasonal variability
3.2.1 Seasonal dynamics
Figures 8 and 9 illustrate the seasonal variations of PET and PP/

PE particles in the surface layer, water column and sediments
during the summer and winter months in the GoF.

frontiersin.org



Mishra et al. 10.3389/fmars.2024.1524585

-
Q
2

60.5

Latitude [*N]
Latitude [*N]

Integrated amount [particles/m?]

Integrated amount [particles/m?]

T R
© © o o o o
19 % % %

i
=)
o

24 25 26 27 28
Longitude [°E]

24 25 26 27 28 29 30
Longitude [°E]

£ E
@ @
g g
605 605
z iz g
e Pl =
2 60.0 S 860.0 S
2 S 2 o
E &3 5
| G|
59.5 B 595 K
1% 1%
) <)
59.0 £ . £
24 25 26 27 28 24 25 26 28 29 30
Longitude [°E] Longitude [*E]
£ £
P P
kel ki
] ]
605 £ _ 605 £
z &Z &
v F=a €
$ 600 5 5600 5
3 53 5
| G|
59.5 B 595 2
2 2
o =
g g
59.0 102E 590 1028

24 25 26 27
Longitude ["E]

24 25 26 27 28 29 30

Longitude ["E]

FIGURE 4

Mean spatial distribution of vertically integrated concentrations of PET and PP/PE (20-500 mm) in the GoF in 2019-2020. Panels (A, B) represent the
riverine origin PET and PP/PE particles; panels (C, D) WWTP origin PET and PP/PE particles; panels (E, F) display composite maps of different origin
PET and PP/PE particles.

Depth [m]
concentration [particles/m?]
Depth [m]
concentration [particles/m?]

26 27 28
Longitude [ E]

26 27
Longitude [ E]

£
H
g

E
s
=
@
o

Depth [m]

£
s
3
5
g
=
S
g
£
2
g
3
2
s
8

concentration [pa

26 27
Longitude [ *E]

Depth [m]
concentration [particles/m?]
Depth [m]

24 25 26 27 28
Longitude [ °E]

26 27 28 29 30
Longitude [ *E]

concentration [particles/m?]

FIGURE 5

Mean meridionally integrated concentration of PET and PP/PE MP particles (20 - 500 um) in the water column of the GoF in 2019-2020. Panels (A,
B) represent the riverine origin PET and PP/PE particles; panels (C, D) WWTP origin PET and PP/PE particles; panels (E, F) display composite maps of
different origin PET and PP/PE particles. The bathymetry data along the latitude axis is represented as the maximum depth values for each

longitude coordinate.

Frontiers in Marine Science 08 frontiersin.org



Mishra et al.

10.3389/fmars.2024.1524585

_605 £
=z 8
= S
® =
E 60.0 g

£
3 )
5951 8
108

24 25 26 27 28

Longitude [°E]

29 30

Latitude [°N]

o
©o
%

Seabed [particles/m?]

i
=)

w
©
o

27 28
Longitude [°E]

-
=
«n

Latitude [*N]
Seabed [particles/m?]

25

26 27 28
Longitude [°E]

FIGURE 6

Mean spatial concentrations of PET and PP/PE MP particles (20 - 500 um) on the seabed of the GoF in 2019-2020. Panels (A, B) represent the
riverine origin PET and PP/PE particles; panels (C, D) WWTP origin PET and PP/PE particles; panels (E, F) display composite maps of different origin

PET and PP/PE particles.

£

60.5 <
z 8
= o
o t
E 60.0 E:
5 E:
59.5 ©
10718

59.0

26 27 28

Longitude [*E]

_605 £
z X
= 2
v t
E 60.0 g
5 3
59.5 ©
10718

w
.
o

Longitude [°E]

_.60.5 £
z K]
= K,
o t
E 60.0 z
‘,i’ o
e | 3
59.5 ﬁ

2

26 27 28
Longitude [°E]

During the summer months (JJA, June-August), PET MP
concentrations near the surface were elevated along the northern and
southern coasts, with the highest concentrations near St. Petersburg
(Figure 8A). Despite lower river runoff and MP loads in winter (DJF,
December-February), surface PET concentrations were higher in winter
compared to summer (Figure 8B). A similar tendency was observed in
the water column, where vertically integrated PET concentrations were
higher in winter, likely due to reduced sedimentation and stronger
resuspension driven by winter currents. In contrast, the settled particle
concentrations were higher in summer, driven by enhanced biofilm
formation and stratification (Figures 8E, F).

The mean surface concentration of PP/PE particles was higher in
summer than in winter (Figures 9A, B), with higher levels observed in
Narva Bay and along the Tallinn and Helsinki coasts. This winter
increase likely reflects reduced sedimentation due to weaker biofilm
growth. In contrast, summer concentrations were lower near the
surface but higher on the seabed, primarily driven by enhanced
biofilm formation and stratification, which promote particle settling
(Figures 9C-F).

3.3 Short-term variability

The impact of an upwelling event along the northern coast is shown
in Figure 10. There was already a small upwelling visible along the
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northern coast on 18 July (Figure 10A), the surface concentrations
(Figure 10D) were strongly inhomogeneous, with the highest values in
the easternmost areas of the gulf and patches also appearing along the
northern coast and central part of the gulf. As the upwelling intensified
on 22 July (Figure 10B), particles began to advert offshore, forming
significant surface patches of MP concentrations in the central gulf
(Figure 10E). During the upwelling peak (24™ of July), a large patch of
particles was advected southwards, particularly in the areas with colder
temperatures, i.e. in the upwelling zone (Figure 10F).

The impact of near-bottom currents on particle concentrations in
the 5 m thick layer above the seabed is shown in Figure 11. Stronger
near-bottom currents observed on December 6 (Figure 11B) caused
increased resuspension of particles from the seabed, as evidenced by
higher concentrations in the near-bottom layer (Figure 11E). On
December 7, as the bottom currents relaxed (Figure 11C),
resuspension levels decreased moderately (Figure 11F). This
suggests that while stronger currents lead to particle resuspension,
the eventual relaxation of currents allows particles to settle back onto
the seabed over time.

4 Discussion

In this study, results from a multi-year (2018-2020) high-
resolution model experiment were employed. This model system
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Distribution of particle accumulation on beaches over the period 2019-2020. Panels (A, B) represent the PET and PP/PE particles, respectively, from
rivers; panels (C, D) focus on PET and PP/PE particles sourced from WWTPs; panels (E, F) display PET and PP/PE particles sourced from both rivers
and WWTPs. The values have been spatially smoothed with a window length of 10 km.

incorporated hydrodynamic, biogeochemical and Lagrangian
particle tracking models to identify the MP pollution’s pathways
and accumulation zones within the GoF in the surface layer, water
column, coastline and bottom layer. Our research utilized the
existing datasets for MP distribution estimates and employed
advanced modeling techniques.

We considered two distinct particle types: (1) PET particles with
density greater than sea water and (2) PP/PE particles with density
less than sea water. In addition, particles within a size range of 20 to
500 um were considered and further categorized into small (20 -
200) and large (200 - 500) particles. Generally, this is well supported
by literature. PP, PE, PET, PVC, and PS are the most common
polymers found worldwide (Vermeiren et al., 2016; Geyer et al,
2017; Kooi and Koelmans, 2019). In China, Lv et al. (2019) found
the following polymer shares: PP (15%), PE (18%), PET (47%) and
PS (20%) in the raw wastewater. In the Mediterranean, out of the
total MP observed, Pedrotti et al. (2016) reported that around 86-
97% share accounted for the following polymers: PP, PE and
polyamides. In our study, we used PP, PE and PET due to their
abundance in the environment and as they cover a wide range of
densities from 900 to 1300 kg/m’. We used the previous load
estimates from Schernewski et al. (2020), which included WWTP
locations and emissions exclusively used within the GoF catchment
area. Based on the available literature (Schrank et al., 2022;
Constant et al., 2020), we have considered mean MP particles
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found in the rivers. Nevertheless, substantial uncertainties still
exist regarding emissions from the WWTPs and MP presence
in rivers.

The Baltic Sea receives land-based MPs from rivers and coastal
catchment areas (Murawski et al., 2022). The GoF is under
considerable anthropogenic pressure, and as a result, the levels of
pollutants, including the MP in water and biota are higher
compared to the neighboring basins such as the Gulf of Riga or
Baltic Proper (Mishra et al., 2022; Kuprijanov et al, 2024). In
addition, our results indicate that most of the MP particles entering
the GoF do not spread to the Baltic Proper, but instead accumulate
within the GoF.

Due to prevailing cyclonic surface circulation in the GoF, floating
litter tends, in general, to drift towards the Baltic Proper in higher
abundances along the northern coast (Pirn et al,, 2023). Our study
reveals that the easternmost part of the GoF exhibits the highest levels
of MP pollution in the surface layer. Similar tendencies for the GoF
have been shown by other modelling studies (e.g. Murawski et al., 2022;
Parn etal,, 2023) due to the large freshwater input from the Neva River.
Pollution levels were notably reduced in the central gulf, with
concentrations at least an order of magnitude smaller. Rivers
discharge freshwater and substances in amounts not typically found
in seawater (e.g. Hetland and Hsu, 2013) and, as a result, river plumes,
small or large, with high concentrations of tracers and plume fronts in
the vicinity of sources are formed. Five river plume fronts were
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both rivers and WWTPs in different layers of the GoF during the summer

noticeable in the study area associated with the Neva River, Luga River,
Narva River and Kymi River (Suursaar et al., 2021). Nevertheless, none
of these fronts are stationary as they undergo spatial excursions and
other dynamic transformations (Suursaar et al., 2021), and
consequently, we could not detect regions with persistently high MP
concentrations at these frontal regions. However, such convergent
density fronts are characterized by relatively large vertical velocities
(D’Asaro et al, 2020) that likely restrict MP transport over long
horizontal distances. Additionally, quasi-persistent eddy activity may
contribute to such a high number of plastics near the emission areas
(Andrejev et al,, 2004; Parn et al,, 2023).

Our simulations revealed that both the PET and PP/PE particles
predominantly accumulated in the seabed in close proximity to
coastal regions and emission points. The accumulation areas of
lighter PP/PE particles extended further offshore. Due to their
negative buoyancy, PET particles consistently descend into the
water column, ultimately settling on the seabed, particularly near
coastal areas. Recent research, using an Eulerian modeling
approach, also reported the accumulation of PET particles in
shallow coastal waters of the Baltic Sea (Schernewski et al., 2020).
In contrast, PP/PE particles, initially buoyant, remained suspended
longer before sinking. This coastal accumulation was particularly
evident near riverine sources such as the Neva River estuary and the
Narva Bay. The shallow nature of the GoF, with an average depth of
37 m (Leppdranta and Myrberg, 2009), contributes to higher
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deposition rates in these areas. Kuprijanov et al. (2021) reported
similar patterns of hazardous substance accumulation in shallow
areas, such as Neva Bay and Finnish coastal inlets, though MP
accumulation may persist longer in deeper areas.

Resuspension events, driven by near-bottom currents > 30 cms™,
occasionally > 50 cm s (Liblik et al,, 2013; Rasmus et al,, 2015;
Suhhova et al,, 2018), or wave-induced shear stress (Jonsson et al.,
2005), can remobilize MPs from sediments back into the water
column gulf. This dynamic interplay of deposition and
resuspension highlights the importance of hydrodynamic forces in
redistributing MPs in the current study.

The beaching of particles occurred almost throughout the entire
GoF. The hotspots were mostly in bays with limited access to the open
sea, e.g. Neva Bay, Tallinn Bay, and multiple locations on the northern
coast. Previous studies have highlighted similar trends, with higher
particle accumulation near the major rivers and urban areas, such as St.
Petersburg and the Gulf of Riga (Schernewski et al,, 2021). Our results
show that light particles had substantially higher beaching rates
compared to heavy particles, likely due to differences in their
buoyancy and settling dynamics. Likely, a lot of the heavy PET
particles settled in the shallow areas quicker than in 10 days required
for a particle to be considered beached as defined in the simulations in
the present study. Therefore, a significantly smaller amount of PET was
found on beaches compared to light particles. These findings underline
the importance of focused monitoring and sampling near key pollution
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sources, such as the Bay of Tallinn, to validate the simulation results ~ periods of heightened biological activity in the Baltic Sea (e.g.
and improve understanding of beaching dynamics. Lips et al, 2014). MP concentrations in the surface layer are

The model effectively replicates the seasonal variability of MP  lower in summer than winter were consistent with observations
concentrations observed in the GoF. Spring and summer are in the northern Baltic Proper and the GoF (Mishra et al., 2022).

FIGURE 10
Sea Surface Temperature (SST) maps (A—C) and surface layers (D—F) during Upwelling conditions along the Finnish coast in the GoF.
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Furthermore, a recent modeling study conducted in Neva Bay,
which used a different modeling approach compared to our study,
reported a 10-fold decrease in the surface concentration during the
summer months compared to the winter (Martyanov et al., 2021).
This seasonal pattern reflects the combined influence of biofouling,
hydrodynamics and stratification. In summer, phytoplankton
blooms promote biofouling, enhancing the sinking rates of MPs
and further leading to their accumulation on the seabed. Vertical
stratification, while necessary for biofouling, also acts as a barrier,
potentially trapping MPs withing the thermocline (Uurasjirvi et al.,
2021). By late summer, the decay of thermocline and reduced
primary production lead to less biofilm formation and reduced
organic matter (Almroth-Rosell et al., 2011; Liblik and Lips, 2011)
which may slow MP sinking.

In contrast, during winter, reduced biofouling, weaker stratification
and stronger hydrodynamic activity contribute to higher MP
concentrations at the surface. Stronger near-bottom currents can also
resuspend particles from the seabed, maintaining elevated MP levels in
the water column.

A wind-induced coupled coastal upwelling-downwelling event,
which is frequent in the GoF (e.g. Lips et al, 2009; Uiboupin and
Laanemets, 2009; Laanemets et al., 2011; Vili et al., 2011; Liblik and Lips,
2017) was selected as a case study. Previous studies have proposed that
coastal upwelling may result in relatively low concentrations of MPs in
coastal waters (de Lucia et al.,, 2014; Desforges et al., 2014; Mishra et al,,
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2022) while high concentration patches can form in the convergence
zone of coastal downwelling (Mishra et al., 2022). In contrast, La Daana
et al. (2017) found no significant difference in MP concentrations
between Benguela upwelling sites and other non-upwelling sites.

During the upwelling events, the distribution in the surface
layers indicated large particle concentrations converged in the sub-
mesoscale stripes or small eddy-like features in the upwelling
frontal zone, where the Rossby numbers (not shown) and
temperature gradients were high (Figure 10). Previously, Vili
et al. (2017, 2018) showed the convergence of particles in the GoF
at the locations of the high Rossby number and sub-mesoscale
activity. A recent modelling study (Vili et al,, 2024) indicated the
frequent occurrence of sub-mesoscale activity in the GoF.
Observations of the temporal changes of MP concentrations are
very challenging in such estuarine systems, where, on the one hand,
the MP input from land is high, and, on the other hand, strong
thermohaline gradients exist.

Previous studies have shown that episodic events, such as storms or
wind-driven upwelling, can generate bottom currents, which can
disturb bottom sediments, resuspending MPs into the overlying
water column (Osinski et al., 2020; Zhou et al.,, 2021). In areas with
high sedimentation rates, where MPs accumulate on the seabed, even
short-term increases in current velocity have been shown to result in
the release of particles back into the water column (Kane and Clare,
2019). Our results mirror this process, where we observed a marked
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decrease in sedimented MP concentrations and an increase in water
column particles following periods of intensified bottom currents.

5 Conclusions and summary

We applied a combination of hydrodynamic, biogeochemical, and
Lagrangian particle tracking models to trace MP pathways and identify
potential accumulation zones in the GOF. This three-year simulation,
with sub-mesoscale permitting horizontal resolution, revealed MP
concentrations at the surface, within the water column, and
accumulation on the seabed. The results provide critical insights into
MP distribution pathways, spatial heterogeneity and the influence of
hydrodynamics on MP transport and accumulation.

The study revealed that approximately 75% of MP particles settle
on the seabed, making it the primary accumulation area in the GoF.
Around 10% of particles were beached, with notable accumulation in
Neva Bay, Narva Bay, and parts of the Finnish coastline. Only 1% of
MP particles exited the gulf through the western boundary, while 14%
remained suspended in the water column, influenced by episodic
resuspension events. These findings highlight the GoF’s role as a
significant retention zone for MPs due to its semi-enclosed
geography and hydrodynamic conditions.

MP concentrations were highest near major coastal and riverine
sources, particularly in the eastern part of the gulf. Surface
concentrations of light particles exceeded those of heavy particles,
especially in proximity to WWTPs and river mouths. The zonally
integrated concentrations demonstrated higher values in the
shallower eastern areas and a marked decrease west of 28°E. This
spatial variability underscores the influence of anthropogenic inputs
and local hydrodynamics on MP distribution.

Hydrodynamic processes played a key role in shaping MP
transport and redistribution in the GoF. Upwelling and downwelling
events, as well as episodic intensification of bottom currents,
significantly influenced the redistribution of MPs. Strong bottom
currents resuspended settled MPs into the water column, temporarily
increasing their concentrations. These dynamic processes emphasize
the importance of monitoring MPs across all layers of the marine
environment — not just the surface layer but also the water column and
seabed, to fully understand their transport and fate.

This study provides a scientific basis for policymakers to regulate
MP emissions from WWTPs, manage riverine inputs, and address
urban coastal pollution. By identifying hotspot areas, such as Neva
Bay and Narva Bay, the findings can help prioritize resources for
pollution control. Future monitoring efforts in the GoF and Baltic Sea
should extend beyond the surface layer to include the water column
and seabed, incorporating multipoint sampling at various depths,
especially near emission sources. Additionally, mitigation measures
should focus on the eastern gulf, where MP concentrations are
consistently elevated.
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Abstract

This study introduces an open software Lagrangian particle tracking model designed for simulating the transport of
microplastics (MPs), which incorporates crucial processes such as horizontal diffusion, beaching, resuspension, and
biofouling. A sensitivity analysis for the parametrization of these processes was conducted on a regional scale — in the Gulf
of Finland (GoF), the eastern Baltic Sea — employing very high-resolution hydrodynamic model output to drive the particle
model. The sensitivity analysis underscores the impact of each process on the number of particles in the water column,
sediments, beach areas, and at the domain boundary. The results indicate a significant impact of including or excluding a
process and relatively high sensitivity of the parametrization on the simulated MP pathways. Stronger diffusion dispersed
particles widely throughout the gulf and enhanced the export of the MPs out from the gulf. Beaching and biofouling were the
major contributing factors to particle removal from the water column, while resuspension promoted settling in offshore areas.
The number of beached particles rapidly increased during the wind-induced downwelling process. Scenario simulations,
including parametrizations favoring or hindering MP transport, showed that a coincidence of several factors could lead to
very diverse MP pathways. The analysis offers valuable insights, providing a foundation for tuning the model parameters to

improve simulations with realistic loads in the future.

1 Introduction

Microplastics (MPs), defined as plastic particles with
dimensions of 5 mm or smaller, pervade the marine ecosystem
due to the degradation of larger plastic items and the direct
release of MPs into the environment (Andrady 2011;
GESAMP 2015). MPs enter the marine environment through
various sources, including maritime activities, wear and
tear of textiles and tires, and inadequate waste management
(Andrady 2011). Its ingestion by marine organisms can yield
harmful consequences, potentially affecting human health
through the aquatic food chain (Caruso 2019; GESAMP 2015;
Mohlenkamp et al. 2018; Wright et al. 2013).

Modeling the fate and transport of MPs in the marine
environment is an important step in understanding the impact
of MPs and in developing effective management strategies,
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especially as field measurements are too sparse to estimate
their dynamics efficiently (Khatmullina and Chubarenko
2019; Lindeque et al. 2020). Typically, models for estimating
pathways fall into two broad categories. The first category
comprises Eulerian models, which employ tracers carried
by ocean currents directly within their native grid. The
other category of models is the Lagrangian models (a.k.a.
particle tracking models), which track individual particles
in the Lagrangian framework. Particle tracking models do
not compute the hydrodynamics themselves; instead, they
are coupled with or use the output of Eulerian models to
acquire the ambient hydrological parameters. The Lagrangian
approach is particularly well-suited for applications involving
MPs, primarily due to the inherent efficiency of integration
algorithms within the Lagrangian framework. In this context,
the transport equations are only solved for active particles,
unlike to Eulerian models, which solve transport equations
for tracers in all computational cells, even when no particles
are present. Despite relying on Eulerian model outputs for
forcing data, the offline-coupling Lagrangian approach allows
this data to be reused. For instance, it is possible to simulate
various scenarios with particles of differing characteristics
without recalculating hydrodynamics. Lagrangian algorithms
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are also naturally parallelizable, offering the potential to
enhance computational speed significantly. Furthermore,
particle tracking models usually record the history of each
particle, thus allowing to analyze and describe their behavior
easily (Bigdeli et al. 2022; Pilechi et al. 2022; van Sebille
etal. 2018).

Several particle tracking models are available, each with
its distinct set of strengths and limitations. These include
OpenDrift (Dagestad et al. 2018), Parcels (Lange and
van Sebille 2017), TRACMASS (Do6s et al. 2017), and
MOHID Lagrangian (Cloux et al. 2022). A comprehensive
overview of such models is presented by van Sebille et al.
(2018). These models have been applied across various
global marine environments and have contributed to our
understanding of MP transport (Berglund et al. 2021; Cloux
et al. 2022; Fischer et al. 2022; Jonsson et al. 2020; Lobelle
et al. 2021; Rosas et al. 2022).

MPs suspended in water are influenced by various pro-
cesses that dictate their trajectories and eventual destinations.
These processes comprise physical transport mechanisms such
as advection and diffusion, drift caused by wind and waves,
buoyancy, beaching, deposition, and resuspension (Bigdeli
etal. 2022; Cole et al. 2011). In addition, MPs undergo trans-
formational processes such as degradation (Cole et al. 2011)
and biofouling (Kooi et al. 2017), which may change their
physical and chemical properties. Advection and diffusion
have been fundamental in all models. Most models have also
considered the buoyancy of MPs (e.g., Kooi et al. 2017; Onink
et al. 2022; Pilechi et al. 2022). For instance, a variation of
the Stokes law is used to calculate the settling velocity of par-
ticles based on the density difference and the dimensionless
particle diameter (Dietrich 1982). The resuspension process is
frequently integrated, employing the Shields parametrization
method (Shields 1936) and tailoring it to account for sediment
material characteristics (Waldschldger and Schiittrumpf 2019;
Wilcock 1988). Alternatively, models may define a critical
shear velocity threshold, as in Zhurbas et al. (2018). Beach-
ing, another critical factor, can be parameterized diversely,
incorporating elements such as coastal morphology or uni-
form beaching times across the model domain (Daily et al.
2021; Liubartseva et al. 2018; Onink et al. 2022). Among the
most intricate processes, biofouling has given rise to vari-
ous model approaches. Complex models rely on variables
like algae concentrations, temperature, light availability, and
grazing, sourced from biogeochemical models or computed
dynamically (Fischer et al. 2022; Kooi et al. 2017; Tsiaras
et al. 2021). Simpler models employ biological proxies and
parametrizations (e.g., Murawski et al. 2022). Given this com-
plexity, it becomes essential to test these process parametriza-
tions thoroughly. Analyzing their sensitivity within the model
framework becomes imperative and aids in refining model
parameters and assumptions, thus increasing the accuracy and
reliability of MPs simulations.

@ Springer

The Baltic Sea encompasses approximately 21,700 km?
of semi-enclosed brackish water, with an average depth of 55
m and notable variations in salinity (Lehmann et al. 2022).
This unique ecosystem balances freshwater inflow from riv-
ers with saltwater from the North Sea ( Markus Meier et al.,
2023), resulting in a vulnerable environment susceptible to
pollution and eutrophication. Furthermore, the Baltic Sea
catchment area has a population of about 85 million people
(HELCOM 2018). Despite its environmental challenges, the
Baltic Sea remains a historically significant trade route and
is important for regional commerce, tourism, and the con-
servation of its biodiversity.

Previous investigations have documented the presence
of MPs in all Baltic Sea basins (Aigars et al. 2021; Gewert
et al. 2017; Schonlau et al. 2020). Additionally, reports of
washed-up MP particles have emerged from various Baltic
Sea regions (Graca et al. 2017). MPs have also been found
in fish samples (e.g., Sainio et al. 2021). Furthermore, high
variability in MPs concentrations related to the coastal mes-
oscale processes has been noted (e.g., Mishra et al. 2022).

In the realm of MPs simulations within the Baltic Sea,
numerous modeling studies have contributed to our under-
standing of the distribution, transport, and fate of MPs. Sev-
eral studies have adopted the Eulerian modeling approach
(Frishfelds et al. 2022; Murawski et al. 2022; Osinski et al.
2020; Schernewski et al. 2021), which encompasses pro-
cesses such as settling, deposition, erosion, wind and wave
interactions, as well as beaching. Notably, Martyanov et al.
(2023) presented a parameterization of MP particle fall
velocity as a function of temperature, effectively capturing
seasonal variations. Furthermore, Murawski et al. (2022)
integrated a biofilm growth model, leveraging chlorophyll-
a concentrations in seawater to introduce seasonality to
biofilm development. In contrast, using the Lagrangian
approach for MP modeling has seen fewer applications in
the Baltic Sea. Pirn et al. (2023) employed a particle track-
ing model to estimate macro-litter pathways and accumula-
tion in the Baltic Sea. Previous applications of Lagrangian
trajectories in the region have predominantly focused on
topics such as circulation (D60s et al. 2004; Engqvist et al.
2006; Miettunen et al. 2020), submesoscale features (Vili
et al. 2018; Zhurbas et al. 2019), and marine transport risk
assessment (Andrejev et al. 2011; Delpeche—Ellmann and
Soomere 2013; Viikmie and Soomere 2018).

This paper introduces the new Lagrangian particle track-
ing model, which was specifically developed for simulating
the movement and accumulation of MP particles within the
GoF. A sensitivity analysis is conducted to gather insights
into the model’s behavior across varying parameter values,
which is crucial for fine-tuning the model for realistic simu-
lations in the future. The model incorporates several key pro-
cesses that significantly influence MPs transport within the
marine environment. It was developed to efficiently handle
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very high-resolution data, including the output from models
with vertically adaptive coordinates, and has also been tested
for compatibility with thehydrodynamic model outputs from
the Copernicus Marine Service (Atlantic - European North
West Shelf - Ocean Physics Reanalysis. E.U. Copernicus
Marine Service Information (CMEMS). Marine Data Store
(MDS). DOI: https://doi.org/10.48670/moi-00059, Accessed
on 01-Oct-2023). See Appendix A for the CMEMS test. The
particle tracking model is licensed under the GNU General
Public License v3.0 and is publicly available on GitHub
(https://github.com/TalTech-MFO/ParticleModel). This
paper is structured as follows: the Section 2 describes the
particle tracking model and provides an overview of the
setup for the sensitivity analysis. The section 3 includes
the validation information of the hydrodynamic and parti-
cle tracking models and presents findings from sensitivity
analyses. The section 4 explores the implications of our find-
ings, and conclusions are summarized in the Summary and
Conclusions section.

2 Materials and methods
2.1 Hydrodynamic model

General Estuarine Transport Model (GETM; Burchard and
Bolding 2002) has been used in this study to simulate the
current, temperature, and salinity fields of the Baltic Sea and
GoF. GETM is a hydrostatic, three-dimensional primitive
equation model that has embedded adaptive vertical coordi-
nates (Hofmeister et al. 2010; Klingbeil et al. 2018), which
significantly reduces numerical mixing in the simulations
(Griwe et al. 2015).

The vertical mixing (vertical viscosity and diffusion) in
the GETM is calculated with the General Ocean Turbulence
Model (GOTM; Burchard and Bolding 2001), and more
precisely, two equation k-e scheme with a second moment
algebraic closure (Canuto et al. 2001) is selected. The hori-
zontal mixing (viscosity and diffusion) is calculated using
the Smagorinsky parameterization (Smagorinsky 1963).

2.2 Biogeochemistry model

The biogeochemistry model ERGOM (Neumann et al.
2002; Neumann and Schernewski 2008) is coupled with
the hydrodynamic model via the Framework for Aquatic
Biogeochemical Models (FABM; Bruggeman and Bolding
2014). ERGOM has 12 state variables and describes a
nitrogen cycle. Phosphorus is considered with the N: P
ratio (Redfield 1934). Nutrients are described with three
state variables — ammonium, nitrate, and phosphate- taken
up by three phytoplankton groups: diatoms, flagellates,
and nitrogen-fixing cyanobacteria. The grazing pressure

on the phytoplankton is described with zooplankton.
Oxygen conditions are prescribed with two state variables:
dissolved oxygen and H,S, while the consumption and
production of oxygen are linked to biogeochemical
processes via stoichiometric ratios. Additional variables
in the model are for the dead phytoplankton and
zooplankton (detritus), which is either in the water column
or sedimented in the bottom. Nutrients are released from
the detritus during the mineralization, although part of the
nitrogen is released from the system as molecular nitrogen,
and part is buried permanently in the sediments. For more
details about the ERGOM model, the reader is referred to
(Neumann et al. 2022).

2.3 Lagrangian particle tracking model
2.3.1 Model description

An offline coupled Lagrangian particle tracking model was
developed and used to simulate the particle transport using
the hydrodynamic data from the high-resolution GETM
model simulation. The particle tracking model is written
in Fortran and requires a compiler that supports the Fortran
2003 standard. The compilation and execution of the model
have only been tested in a Linux environment and with GCC
compiler versions 10.3.0 and 13.1.0. There are no external
dependencies except the NetCDF Fortran library (https://
docs.unidata.ucar.edu/netcdf-fortran/current/, last checked
30.09.2024). The model can be run on a single or multiple
threads using OpenMP. However, since OpenMP uses a
shared-memory parallelism model, the number of threads
is limited to the number of cores available on a single node
on large HPC clusters. The memory requirements largely
depend on the size of the forcing data and the number of
particles used in the simulation. For our use case, with
high-resolution hydrodynamic fields (890 x 1557 x 60
cells), approximately 15GB was sufficient. The model can
efficiently handle large forcing datasets (multiple terabytes)
and works with two types of vertical coordinates: (1)
z-level coordinates and (2) adaptive depth coordinates. The
advantage of the latter is that it saves the time and storage
needed to preprocess the raw output of the hydrodynamic
models with adaptive coordinates.

The particles are advected using a second-order Runge-
Kutta scheme, which offers greater numerical stability than
the explicit Euler scheme. The particles undergo additional
processes described in Sect. 2.3.2 at each time step. The
Lagrangian model incorporates various parameters from the
hydrodynamic model’s data, including temperature, salinity,
density, eddy viscosity, and sea-surface elevation. Small and
large cell phytoplankton and cyanobacteria fields are used
from ERGOM model output to calculate the chlorophyll-a
(chl-a) concentrations.

@ Springer
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2.3.2 Implemented processes

The following describes the implemented processes: mixing,
buoyancy, beaching, resuspension, and biofouling.

The particle’s displacement due to advection in all three
dimensions was calculated using the second-order Runge-
Kutta scheme:

T+ AD =350 +0.5 (ﬁ(x, 0 +zi(§c, r+A z))A ‘
where

x= X(1) + u(x, DAt

is the predictor for the position at the time # + A 1.

The horizontal displacement of particles due to horizontal
mixing was calculated as
X1 =X, +N/2A, dt,

where N is normally distributed with a mean value of 0
and a standard deviation of 1 random number. A is the eddy

s

viscosity calculated according to the Smagorinsky sub-grid
scale parametrization (1963):

2 2
ouN?  (ov 1(ou, ov
Ay=Caxayy/(54) +(S2) +5(54+) .
BEEe O y\/ 0x <0y) 2<6y 0x>
where A x and A y are the width and length of the hydro-
dynamic model grid cells, u and v are current velocities, and
C, is a varying constant (see Sect. 2.4.3).
The vertical velocity of the plastic particle due to buoy-

ancy was calculated using a modified Stokes equation
(Dietrich 1982):
1/ 5
8w .V sw,z> s

where p,,, is the total density of the plastic particle,
including biofilm; p ;, _ is the density of seawater at depth z;
g is the gravitational acceleration, and v ,, _ is the kinematic

viscosity of seawater at depth z. The dimensionless settling
velocity @ , was calculated using the empirical expression:

% =VS(Z,I‘)= _<pt01_psw,z

di P sw.z

— — 2 _ 3 4
w = { 10 3.76715+1.9294410gD, —0.098151l0gD; —0.0057510g D; +0.00056log D, , 0.05 < D* < 5% 109

1.74x 107 D%, D, <0.05

The latter is a function of the dimensionless particle
diameter D,, which was calculated as:

- P swzV %w,z
where D is the equivalent spherical diameter of the
particle.

In our implementation of resuspension, the particle’s ver-
tical velocity is proportional to the bottom friction velocity
u,, if the particle was previously settled and u, exceeds a
predefined threshold. The bottom friction velocity, u,, was
calculated as:

2 5\ 025
T Tpg
wo= BB
P P

where 7 g, and 7 j, are the bottom shear stress compo-
nents in the x and y direction, respectively. The bottom stress
was calculated as (Blumberg and Mellor 1983):

Tg/p = —CyJuy +V5 - u;
T/ P = —C\/u§+v129 V.
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Here, uy and vy are the x- and y-velocity components near
the bottom, respectively. The drag coefficient C was defined
as:

2
C = max

-2l min [

(log=)
20

where « is the von Karman constant (k = 0.4), z is the
height from the bottom, z, is the roughness height, and
C,.in = 0.0025 is the minimum drag coefficient.

The biofilm growth on the particle was determined using
the equation:

dhyy (g mas = Py )

d T, ’

where hy, is the current thickness of the biofilm, 7,
is the maximum biofilm thickness defined as a fraction of
the particle’s radius, and 7 represents the biofilm growth
time scale (Murawski et al. 2022). The growth of the bio-
film occurs only if the chl-a concentration in the surround-
ing water exceeds a specified threshold (1.1 mg m™3). This
threshold accounts for seasonal variations in biofilm growth.
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Fig.1 Upper panel: Setup

of the nested grids of the
hydrodynamic model. Lower
panel: Domain of the particle
tracking model with particle
release locations (red dots) and
hydrodynamic model validation
stations (orange dots), offshore
station LL7 (orange square),
and ADCP station (orange
triangle)
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The ambient chl-a concentrations were obtained from the
biogeochemical model output. As the biofilm grows, it
increases the particle’s radius and density. The total radius
and density of the particle, including the attached biofilm,
were calculated using the following formulas:

Rlol =Ky + hhf;
3 3 3
R,,zl’pt+(RufR,,:>ﬂbf

R3

1ot

Piot =

Beaching in the model is determined by the length of time
a particle spends in a beach cell. A beach cell is defined as
a cell with at least one neighboring cell classified as a land
cell. When a particle remains consecutively in a beach cell
for a specified duration, it is considered “beached” until the
end of the simulation. If the particle exits the beach cell, its
timer is reset to zero, and the counting restarts when the par-
ticle re-enters a beach cell. An alternative to the timer-based
beaching mechanism would be a probabilistic approach, as

T T
29°E 30°E

T
28°E

implemented, e.g., by Alosairi et al. (2020) and Pilechi et al.
(2022). In the studies conducted by Daily et al. (2021) and
Liubartseva et al. (2018), a hybrid approach was adopted,
incorporating the probability of beaching as a function of the
characteristic beaching time. Their approach also allowed
for particle resuspension from beached areas, while our
model omitted resuspension from beaches. The timer-based
beaching mechanism was selected for its simplicity and a
straightforward criterion based on the duration a particle
spends in a beach cell.

2.4 Model setup description

2.4.1 Hydrodynamic model

A nested GETM-ERGOM model system is used to simulate
the circulation in the GoF in this study (see Fig. 1a). The

lowest resolution model has a horizontal grid spacing of 1
nautical mile (approximately 1852 m) and covers the whole

@ Springer
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Baltic Sea with 50 vertically adaptive layers (e.g., Griwe
etal. 2015). Sea surface observations from Gothenburg Tor-
shamnen station describing the barotropic water exchange
between the Baltic and North Sea are used for boundary
conditions.

The medium resolution model has a horizontal grid spac-
ing of 0.5 nautical miles (approximately 1 km) and covers
the central Baltic Proper along with the GoF and Gulf of
Riga (GoR). Settings for the medium resolution model are
the same as in Zhurbas et al. (2018) and Liblik et al. (2020,
2022), but the model uses spatially interpolated values of
temperature and salinity along with the current components
from the coarse resolution model with hourly resolution at
open boundaries.

The high-resolution model domain has a horizontal grid
spacing of 0.125 nautical miles (approximately 250 m) and
covers the GoF. Similarly, with the previous level nesting,
spatially interpolated results with hourly resolution from
medium resolution model are used for the boundary condi-
tions. The number of adaptive layers in medium and high-
resolution runs is 60.

Atmospheric forcing at the sea surface (wind stress and
heat flux) is calculated offline from the ERA5 re-analysis
(Hersbach et al. 2020). The ERAS is a homogenous exten-
sive dataset, which can be used in further studies addressing
long-term pollution of the MP. Validation of hydrodynamic
model results for the Baltic Sea with ERAS forcing against
current measurements has revealed good performance of the
setup (e.g. Liblik et al. 2022). Freshwater input to the models
is based on the runoff data compiled for the Baltic Model
Intercomparison Project (BMIP; Groger et al. 2022) by Vili
et al. (2019). Runoff and N/P loads from Estonian rivers
have been replaced with the values from EstModel (https://
estmodel.app/en/#/, last accessed 10.09.2023).

The initial temperature and salinity fields for the coarse
resolution model were taken from the Copernicus Marine
Service re-analysis product for 2009-12-30. The medium
and high-resolution models use the daily mean for 2017-
12-03 from the coarse and medium-resolution runs, respec-
tively. In this paper, we use the results from the high-reso-
lution run for 2018.
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2.4.2 lLagrangian particle tracking model

The simulation period ranged from February 5 to December
31, 2018. The year 2018 was chosen because of the good
coverage of observational data, which allowed us to validate
the hydrodynamic model. Daily particle releases originated
only from rivers along the southern coast, with the particle
load proportional to the river discharge. The dataset con-
tained particles from 19 of the largest rivers which enter the
GoF along the southern coast. The discharge from the rest of
the rivers, including the largest river Neva, was not included.
We used a limited number of rivers in the simulations to
keep the number of particles smaller for computational rea-
sons. The latter allowed us to conduct numerous sensitivity
runs in a reasonable time. The number of particles released
at each time step varied seasonally, mirroring the changes in
river discharge (Fig. 2). The peak particle release occurred
in April-May, gradually decreasing thereafter. Throughout
the entire simulation period, a total of 145,146 particles
were released. The released particles had an initial radius of
0.1 mm and initial densities of 920 kg m™> (hereafter named
light particles) and 1380 kg m~ (hereafter named heavy par-
ticles). Light particles, being buoyant, initially floated, while
the heavy particles were denser than seawater and prone to
settle. The light to heavy particles ratio remained constant
at 60:40 (60% light, 40% heavy). This choice, which does
not mirror actual conditions, was made because most of the
processes examined in this paper predominantly affect float-
ing particles, apart from resuspension, which affects settled
particles.

The particle positions were calculated with a time step of
200 seconds. Particle information, including position, veloc-
ity, age (the time from the moment a particle entered the
sea), biofilm thickness, and state, was recorded at 12-hour
intervals. The state parameter represents the current con-
dition of the particle, which can be categorized as “sus-
pended”, “beached”, “on boundary” (i.e., particles that have
exited the model domain), or “settled.” Using the output
from the Lagrangian model, concentration maps for the sur-
face (defined as the uppermost 1-meter layer) and water col-
umn were generated, and the particle budget was calculated
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Table 1 Set of sensitivity tests performed in the study

Process (parameter) Low Moderate Strong Very strong Weak transport Strong transport
Beaching (beaching time [d]) 30 20 10 1 1 30
Mixing (C,) 0.01 0.3 1.0 2.0 Fixed at 0.157 m* s~ 0.5
Resuspension 0.191 0.148 0.075 0.0375 0.191 0.0375
(near-bottom current velocity

threshold [m s™'])
Biofouling (T, [d]) 20 10 1 0.5 20/30% 20/5%

for each state, enabling an analysis of the distribution and
fate of the particles.

2.4.3 Sensitivity scenarios

A series of experiments were conducted to assess the sen-
sitivity of the implemented processes to the distribution of
MPs in the simulation. Each process was individually tested
by modifying a specific parameter, while the remaining pro-
cesses were switched off. The initial reference run was car-
ried out without incorporating beaching, resuspension, or
biofouling processes. A small constant background horizon-
tal diffusion (0.157 m? s~!) was applied in each experiment
(including the reference run). The parameter adjustments
were categorized as “low,” “moderate,” “strong,” or “very
strong,” with the latter being twice (or half) the value of the
“strong” setting. For beaching experiments, we reduced the
beaching time, leading to a quicker removal of particles near
the coast and a reduced likelihood of transportation them
towards the open sea. For the diffusion tests, we modified the
constant C, which subsequently affected the eddy viscos-
ity A,,. Lowering the minimum bottom friction velocity to
initiate resuspension was tested in the resuspension experi-
ments. In the biofouling tests, we altered the biofilm growth
time scale parameter 7', and the maximum biofilm thickness
Ny Was fixed. The former controlled the rate of biofouling,
while the latter determined its maximum severity. To simu-
late and understand extreme scenarios of the MP pathways,
we conducted two simulations involving all processes — one
with parameter values that suppress the particle transport
(referred to as “weak transport”) and another with values
that stimulate it (referred to as “strong transport”).

A summary of the processes and their corresponding
parameters can be found in Table 1. Firstly, it is important
to note that the “very strong” scenarios were executed as an
addition to the initial three scenarios, and the values for the
experiments were selected based on the values of the “strong”
experiments — either doubled (diffusion) or reduced to half
(resuspension, biofouling). For beaching, the highest value,
representing the longest beaching time (“low scenario”), was
set to approximate the best estimate obtained by Kaandorp
et al. (2020) (24 days) in the Mediterranean Sea, while the

2 <

LTS

values for the “moderate”, “strong” and “very strong” sce-
narios were chosen from those used in Onink et al. (2021). As
for diffusion, the Smagorinsky parameter C, was initially con-
figured at 0.3 (“moderate scenario”), resulting in a mean hor-
izontal diffusion coefficient (A,) of 0.93 m* s~!. This value
was computed using the 12-hour GETM surface current data
from 2018. However, diffusivity exhibits significant spatial
and temporal variability (Zhurbas et al. 2008). Therefore, we
established the lower and upper bounds for this parameter to
cover a wide range of values. For the resuspension thresh-
old, we computed values based on near-bottom current speed
data, setting them at the 99th, 90th, and 50th percentiles for
the “low”, “moderate”, and “strong” scenarios, respectively.
The maximum biofilm thickness (#,,,,) was fixed at 6.7% of
the particle radius. This limit corresponds to approximately
the minimum thickness necessary for the particle to initiate
sinking, assuming an average seawater density of 1003 kg
m~> in the surface layer of the GoF during summer (Lib-
lik and Lips 2017). Following the findings of Fischer et al.
(2014), the lowest saturation timescale (7,) parameter was
established at 20 days, with subsequent decrements, albeit
potentially exceeding the realistic range of values.

We applied all processes in the weak transport scenario
at very strong settings except for diffusion and resuspension.
Diffusion was set to constant background diffusion (0.157
m?s™!), and resuspension was set to low settings. This sce-
nario also featured very strong biofouling, characterized by
Ny = 30% and T, = 20 days. Conversely, the strong trans-
port scenario involved the opposite approach, with resus-
pension set to very strong. The Smagorinsky parameter for
diffusion was set to 0.5, as this was the value used in the
GETM simulations for calculating horizontal viscosity. The
other processes were configured at their low settings. The
biofouling in this scenario was defined by #,,,, = 5% and
T, = 20 days.

2.5 Validation datasets
Sea surface height measurements were obtained from the
following Copernicus Marine Service product: Baltic Sea

- In Situ Near Real Time Observations. E.U. Copernicus
Marine Service Information (CMEMS). Marine Data Store
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(MDS). DOI: https://doi.org/10.48670/moi-00032 (Accessed
on 16-Mar-2023).

The temperature and salinity observations at coastal
offshore station were taken from the ICES dataset (https://
www.ices.dk/data/data-portals/Pages/ocean.aspx, last
accessed on 11-Oct-2024).

Current velocity data were used for validation from a
bottom-mounted current profiler (ADCP — acoustic Doppler
current profiler, 300 kHz; Teledyne RDI) that was deployed
to the central Gulf of Finland (Fig. 1) from 27.07.2018 to
30.09.2018. Velocities were measured as an average of 5 min
with a vertical depth interval of 2 m in the depth range of
12-106 m.

3 Results
3.1 Model evaluation
3.1.1 Physical parameters

High-resolution simulation is validated against the sea sur-
face height (SSH) measurements at different coastal stations
of the GoF, temperature and salinity observations at the
monitoring station LL7 in the middle of the gulf, and current
measurements at a deep station in the southern GoF. Vari-
ations in SSH describe barotropic water exchange between
the gulf and Baltic Proper. If the circulation is not simulated
correctly, the bias and root mean square difference (RMSD)
between the model and observations will be high. A com-
parison of the bottom and surface temperatures and salini-
ties between the model and observations shows whether the
baroclinic flow component and vertical mixing are simulated
correctly in the model.

In principle, the model reproduces SSH variability rea-
sonably well. The difference between the observed and simu-
lated standard deviations was less than 3 c¢m, the correla-
tion between the model and observations was more than 0.9,
and the maximum root mean square difference was 12 cm
(Fig. 3). The biases between the model and observations
were largest at Helsinki station (3 cm, not shown), where
also the number of missing observations was the largest.
In other stations, the mean bias was less than 2.2 cm. The
mean absolute bias was slightly smaller than RMSD reach-
ing 9.3 cm at St. Petersburg station.

The simulated temperature and salinity are validated in
the surface and bottom layer of LL7 (see Fig. 4). In princi-
ple, the model captures the salinity variability in the GoF
relatively well. The surface salinity tends to be only slightly
lower than the observations, while the bottom salinities
ranging from 7 to 10 PSU in the observations are captured
extremely well. In addition, there are likely several estuarine
circulation reversals (Elken et al. 2003; Liblik et al. 2013)
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seen as drops in the bottom salinity and high surface salinity
captured both by the observations and simulation.

A comparison of simulated and observed currents is
shown in Fig. 5. The model relatively well simulated the
currents during a 2-month measurement period. The high
eastward velocities in the water column (depths below 20 m
to 65 m) in the beginning and at the end of the measurement
period are well reproduced. The three observed strong east-
ward flow events in the upper layer (depths from 12 to 30 m)
in August are also present in simulation results, although the
model seems to slightly overestimate the westward flow in
the surface layers.

3.1.2 Particle model performance

We performed two experiments in the Gulf of Finland and
the European North-West shelf to ensure our particle model
produces trustworthy results. We compared the outputs with
the established OpenDrift Lagrangian trajectory model. See
Appendix A for details of the experiments. In both cases, the
models showed similar final distributions. The particles were
concentrated along similar pathways with minor differences
in the number of particles. One notable difference in Figure
A.2 (panels b and c) is that there is a filament near the shelf
boundary in our model but not in OpenDrift.

We also explored six distinct values for the horizontal
diffusion coefficient, A;. The diffusion coefficient A; was
set to a constant value in each case. While keeping all pro-
cesses except diffusion inactive, particles were released
from a single point, ensuring any shift in position was
solely attributed to diffusion. The particle distributions
after one month for the lowest and highest values of A, are
presented in Fig. 6. The greatest extent reached by parti-
cles with A, = 1.0 m? s~ (Fig. 6b) was about 9 km, and
98% of the particles were found within a radius of 7 km. In
contrast, those with A, = 10.0 m? s~! reached up to 30 km
(98% within 23 km). These distances correspond to “areas of
influence” of approximately 156 km? and 1670 km?, respec-
tively. Consequently, increasing the diffusion coefficient
from 1.0 to 10.0 expanded the area by roughly 10.7 times.
As observed in Fig. 6a, particles exhibited greater dispersion
as A, increased.

3.2 Impact of different processes

Next, we describe the scenario runs and the impact of differ-
ent processes, starting with the reference run. Spatial maps
of the particle distribution in the high-resolution domain
and time-series of the particle budget are presented as a
percentage, relative to the cumulative number of particles
released up to the respective date, encompassing the water
column, bottom sediment, and boundary (i.e., particles that
have exited the domain). In addition, the beach region is
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Fig.5 Modelled (top panels) and observed (bottom panels) current velocity components in the ADCP station (Fig. 1) from 1 Aug 2018 to 1 Oct

2018

shown for scenarios where beaching was activated. The
spatial maps are primarily intended to offer a qualitative
description of the particle distribution. The time-series were
smoothed using a 7-day window.

In the reference run, where the selected processes (beach-
ing, resuspension, and biofouling) were deactivated, the
number of particles at the bottom stabilized at around 40%
after a few days, representing the share of heavy particles,
which settled quickly. By the end of the simulation period,
approximately 51% of the cumulative total particles were
present within the water column. The remaining 9% of par-
ticles exited the domain. The temporal developments in the
particle budget in the reference run are shown as grey lines
in the time-series plots below.

3.2.1 Lateral diffusion

Figure 7 illustrates the average surface concentration of par-
ticles in simulations with varying values of C, for lateral
mixing. In the case of low mixing (Fig. 7a), particles exhib-
ited distinct and sharper structures on the sea surface and
remained closer to the shore. In contrast, very strong mixing
(Fig. 7d) resulted in a smoother particle distribution with
particles drifting further offshore. The overall mean particle
concentration was reduced two times (from approximately
0.04 particles/m? to 0.02 particles/m?) in the sea surface by
switching from low mixing to very strong mixing, indicat-
ing a decrease in the number of particles in the surface layer
with increasing mixing strength.

Analyzing the particle budget in Fig. 8, we observe that
diffusion slightly enhances particle transport out of the
domain, thereby reducing the number of particles in the
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water column within the domain. By the end of the sim-
ulation period, around 48% of the total released particles
remained in the water column in the domain under very
strong diffusion conditions, representing a reduction of
approximately 5% compared to the reference run. The final
share of particles in the water column was 51% for low diffu-
sion and 49% for moderate and strong diffusion. The number
of settled particles remained the same as in the reference run.
The highest number of particles transported out of the
domain occurred in July - early August for all diffusion sce-
narios, with a slight subsequent decrease, indicating that
more particles were released from rivers than exited the
domain in autumn (Fig. 8). By the end of the simulation
period, 8.3%, 10.4%, 10.6%, and 11.2% of the total particles
had crossed the domain boundary corresponding to the dif-
fusion strength from low to very strong, respectively.

3.2.2 Beaching

The impact of beaching on particle distribution is depicted in
Fig. 9. Longer beaching times (low beaching) increased the
likelihood of particles being transported toward the center
of the GoF. Conversely, shorter beaching times resulted in a
higher probability of particles exceeding the beaching time
limit and becoming beached. Consequently, the offshore
concentrations were higher with low beaching and decreased
as the beaching intensity increased.

With respect to all particles, 6% of the particles had
become beached by the end of the simulation period under
low beaching conditions, 21% under moderate beaching,
42% under strong beaching, and 56% under very strong
beaching (Fig. 10). However, the heavy particles sink
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quickly, and beaching does not affect them in our model.
The share of beached particles with respect to only the
light, floating particles was approximately 10%, 35%, 71%,
and 93% by the end of the simulation period under low,
moderate, strong, and very strong beaching conditions,
respectively.

Compared to the reference run, the number of particles
in the water column decreased by the end of the simula-
tion period by approximately 11% with low beaching and
over 93% with very strong beaching (Fig. 10). The share of
beached particles was very low until the end of July in case
of low beaching, while it increased relatively fast during

Distance from release location [km]

the first two months in case of very strong beaching. The
time series of the beached particles was more variable in the
moderate and strong scenarios, where two intense beaching
events, one in June and the other in July, were detected.

The difference in the number of settled particles was
insignificant because the heavy particles tended to settle
closer to the shore regardless of the beaching time.

3.2.3 Resuspension

The impact of resuspension was revealed as a greater
proportion of particles settled in sediments further away

@ Springer
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Fig.7 Average concentration of particles at the surface over the period from 5 February to 31 December 2018 with different settings of lateral

diffusion. The surface is defined as the uppermost 1-meter-thick layer
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from the coast if stronger resuspension was applied
(Fig. 11). Increased resuspension intensity led to a rise
in the number of particles in the water column, while
concurrently decreasing their abundance in the bottom
sediments. On average, the particles in the bottom
sediments demonstrated a 5% decrease with low
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resuspension, with a further decrease with moderate,
strong, and very strong resuspension. Over the entire
simulation period, the average number of particles in the
bottom sediments was 28% with very strong resuspension,
while in the reference run, it was 40% (refer to Fig. 12).
Correspondingly, the number of particles in the water
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column increased with resuspension. There were no
significant changes in the particle distribution in the
surface layer.

Increasing the strength of resuspension did not
significantly affect particle departure from the domain. The
final number of particles at the boundary was approximately
9% for all scenarios.

3.2.4 Biofouling

Figure 13 illustrates the average distribution of particles at
the surface in simulations with active biofouling. Increasing
the intensity of biofouling resulted in a transition of parti-
cles from the surface layer to the deeper layers in the water
column, eventually settling at the bottom.
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The particle budget with different values of the biofilm
growth timescale parameter T, is shown in Fig. 14. With low
biofouling, the final share of particles left in the water col-
umn was 19%. The floating particles started sinking on aver-
age 37 days after their release (median 41 days). A notable
decrease in the proportion of particles in the water column
became visible in early May, roughly three months after the
start of the simulation. This timing shifted to mid-March
with moderate biofouling, with sinking beginning at about
25 days (median 28 days). By the end of the simulation
period, 14% of the particles were still in the water column.
Strong and very strong biofouling had similar effects on the
particles. The final share of particles in the water column
was approximately 8% for both scenarios and sinking started
in 5 (6) days in case of (very) strong biofouling (median 5
and 7 days, respectively).
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In the strong and very strong biofouling conditions, the
proportion of particles departing the model domain was
reduced compared to the reference scenario. This dimin-
ished outflow is mainly a consequence of increased particle
settlement. Nevertheless, during the low biofouling scenario,
the particle count at the domain boundary was temporarily
higher than in the reference simulation, while in a similar
order with the reference run at the end of the experiment.

3.2.5 Combination of processes

Figure 15 illustrates particle distributions in simulations
characterized by suppressed (weak) and stimulated (strong)
transport conditions. Suppressed transport refers to stronger
removal processes (beaching and biofouling) and lower diffu-
sion and resuspension, which encourage particle dispersion.
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Stimulated transport refers to the opposite situation — processes
that encourage dispersion are higher and removal processes
are lower. In the case of weak transport, the average surface
concentration remains notably low, with a significant portion
of the central and northern regions of the GoF exhibiting no
particles at the surface throughout the entire simulation period

(Fig. 15a). This outcome is attributed to the combination of pro-
cesses employed in this scenario, which act to remove particles,
leading to the accumulation of particles near their sources at
the bottom (biofouling) and coast (beaching) (Fig. 15¢). Fur-
thermore, weak resuspension in this scenario prevents particles
from being transported away from the coastal areas. In contrast,
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Fig. 15 Average concentration of particles at the surface, in the water
column and bottom sediments over the period from 5 February to 31
December 2018 with combined processes. Left column: weak trans-

the strong transport scenario results in a more widespread dis-
tribution of particles throughout the GoF, primarily within the
water column (Fig. 15d). Due to lower biofouling and higher
resuspension, the particles have spread over a larger area within
the bottom sediments (Fig. 15f).

When analyzing the particle budget (Fig. 16), a sig-
nificant reduction in the percentage of particles within the
water column with suppressed transport is evident compared
to the reference run. By the end of the simulation period,
approximately 4% of the total particles remained in the water
column, corresponding to a 92% decrease compared to the
reference run. However, under strong transport conditions,
particles remained in the water column for extended periods.
Compared to the reference run, there were approximately
31% less settled particles by the end of the simulation period.

Under suppressed transport conditions, approximately
49% of particles beached during the simulation period. In
contrast, under strong transport conditions, only a marginal
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4% of the total particles beached, and notable beach-
ing events did not start until the end of August, roughly 6
months from the beginning of the simulation.

Concerning the domain boundary, 0.4% of the total parti-
cles reached it under suppressed transport conditions, while
11% did so under strong transport conditions.

4 Discussion

A sensitivity analysis was conducted to explore the impact
of the key processes—diffusion, beaching, resuspension, and
biofouling on the MP transport in the GoF.

In our model, we implemented the Smagorinsky (1963)
parameterization for calculating the horizontal diffusion
coefficient, using high-resolution hydrodynamic model data
for current velocities. This approach, distinct from certain
other studies (Lacerda et al. 2019; Liubartseva et al. 2018;
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Onink et al. 2021), which employed a constant horizontal
diffusion coefficient for sub-grid dispersion, enabled us to
account for temporal and spatial variations in lateral mix-
ing driven by current fluctuations. Previous studies (Salm
et al. 2023; Vili et al. 2017, 2018, 2023) have indicated
strong submesoscale variability within the gulf, which is
also permitted in the present simulation. We determined that,
with a Smagorinsky coefficient of C; = 0.3, denoting mod-
erate diffusion in our experiments, the average horizontal
diffusion coefficient in the GoF for the year 2018 reached
approximately 0.93 m? s™!, with high spatial and temporal
variability and a peak value of roughly 40 m? s~'. It has
also been previously shown that, during certain events, the
diffusivity can temporarily grow significantly higher (e.g.,
Zhurbas et al. 2008). Furthermore, with C; = 0.3 and C, =
0.5 (unsuppressed transport scenario), the maximum veloc-
ity fluctuations due to lateral turbulent diffusion remained
slightly lower than the horizontal advective velocities.
Under background diffusion conditions, velocity fluctuations
remained below 4 cm s™". In contrast, C, = 2.0 led to exces-
sively high velocity fluctuations, with the maxima exceed-
ing 80 cm s~!. Although such a high lateral diffusivity has

May Jun Jul  Aug

Sep Oct Nov Dec Jan

been shown in the simulation by Zhurbas et al. (2008), these
velocities due to diffusion are unrealistically high compared
to the observed current velocities in the gulf (Suhhova et al.
2018). Consequently, our experiments suggest that the Sma-
gorinsky coefficient on the order of 0.5 would provide more
reasonable results, avoiding the extreme velocities associ-
ated with C; = 2.0.

The beaching process substantially impacted on the num-
ber of active particles within the water column. The primary
influence of beaching was observed on the lighter particles,
which would have been transported freely by advection had
beaching not been in effect. Recently, Onink et al. (2021)
reported a beached plastic fraction ranging from 31 to 95%
in a global simulation, depending on their specific param-
eter values. Our simulations showed lower percentages for
comparable beaching time values (1, 10, and 26 days). How-
ever, their definition of the beaching zone extended to 10 km
from the coast, while our beaching zone was confined to the
250 m grid cell closest to the coast. The two intense beach-
ing periods in June and July in moderate and strong beaching
scenarios were likely associated with downwelling events.
Downwelling events are coupled with the upwellings in the
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gulf (e.g., Laanemets et al. 2011; Liblik and Lips 2012;
Lips et al. 2009; Vili et al. 2017). Mishra et al. (2022) have
shown a 60-fold difference in observed MP concentration
near the southern coast of the gulf during the downwelling
and upwelling events. MP accumulates in the convergence
zone during downwelling, while the surface water is largely
replaced by the intermediate layer water with low MP con-
centration along the coast during upwelling. Several down-
welling-upwelling events were detected in the summer of
2018 (based on the model results; not shown), which likely
enhanced beaching.

Note that, in the model, the particles can hold only one
unique state at any given moment, and beaching is only
controlled by the time parameter. Consequently, a parti-
cle might be categorized as “beached” even if only a few
timesteps away from settling on the seabed (and vice versa).
Furthermore, once a particle has been beached, it is effec-
tively removed from the simulation, remaining stationary
until the end of the simulation. Additionally, the beaching
time depends on the particle characteristics and local geo-
morphology specifics (Daily et al. 2021; Onink et al. 2022),
which this study did not address in detail.

Resuspension exhibited a distinctive behavior compared
to other processes primarily responsible for particle removal.
A significant increase in the number of active particles
within the water column was observed upon lowering the
threshold for resuspension initiation, a parameter deter-
mined by the bottom friction velocity. This adjustment to the
threshold resulted in greater transport of particles away from
coastal regions, facilitating their settlement in the offshore
areas of the GoF. According to Kuhrts et al. (2004), the criti-
cal shear velocity for resuspending suspended particulate
matter is as low as 2 cm s~!, while our simulations employed
a minimum threshold of 3.75 cm s~'. However, under certain
conditions, e.g., in the case of biofilm formation, critical
shear velocity could be much higher (Niemistd and Lund-
Hansen 2019). Mean current velocities in the GoF are on the
order of 10 cm s™! (Suhhova et al. 2018). Tides do not have a
considerable role, but wind impulses impact velocity in the
whole water column in the GoF. Velocities >80 cm s~! and
50 cm s~ have been observed in the upper layer and deeper
layers, respectively (Liblik et al. 2013; Rasmus et al. 2015;
Suhhova et al. 2018). Thus, resuspension could occur at all
depths in the GoF. In shallow areas, wind waves also cause
the resuspension of particles (Martyanov and Ryabchenko
2016). Since our model did not consider wind waves, resus-
pension (settling) is likely underestimated (overestimated)
in shallower areas.

Furthermore, our resuspension model did not consider
particle properties, although studies like Xia et al. (2021)
have shown that particles similar in size to natural sediment
particles are more likely to be lifted into the water column.
Robust resuspension models consider particle size and the
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type of natural sediment and parameterize the “hiding-
exposure effect”. In such models, MP particles of differ-
ent sizes have different reasons for becoming resuspended.
On one hand, larger particles are moved because they are
more exposed. On the other hand, smaller particles, although
shielded by larger grains, have a lower critical shear stress
(Guingo and Minier 2008; Waldschldger and Schiittrumpf
2019; Wilcock 1988).

In a modeling study by Lobelle et al. (2021), the global
median sinking timescale of light particles (with a density
of 920 kg m™ and a radius of 0.1 mm) subject to biofouling
was found to be 40-43 days. This suggests that the scenario
with low biofouling values - 7, = 20 days — in our simula-
tions may correspond most closely to these estimates (mean
37, median 41 days). However, it is essential to recognize
that the actual sinking times of biofouled particles depend on
numerous variables, including particle size, hydrodynamic
conditions, and biological factors. Specifically, smaller
particles require less biofilm to initiate sinking compared
to larger particles with equivalent densities (Lobelle et al.
2021; Murawski et al. 2022).

In more complex models, exemplified by the works of
Kooi et al. (2017) and Tsiaras et al. (2021), the considera-
tion of algal growth hinges on factors such as light intensity
and temperature, and algae mortality rates. These models,
in theory, allowed for the restoration of particle buoyancy
under certain conditions. Subsequently, in a follow-up
research by Fischer et al. (2022), the Kooi model underwent
further refinement, integrating a non-linear loss term (such
as diseases).

It is noteworthy that while the biofilm growth formulation
employed in our study is empirical, relying on chlorophyll-a
concentrations as a proxy for primary production, it offers a
relatively straightforward approach. Notably, incorporating
just two parameters provides flexibility in tuning to yield
results that align with those obtained from more intricate
models.

An unexpected result of the increase of MPs at the domain
open boundary in July-early August can be explained by the
distinct forcing during this period and the low sinking rate
associated with low biofouling. Likely, the particles, which
have been transported by surface currents alone in the run
without biofouling, were transitioned to different depths (but
not to the bottom yet) in the run with low biofouling. Since
a relatively strong outflow dominated in the subsurface layer
in July-August, more particles were carried to the boundary
than in the reference run.

The last series of experiments explored combinations
of processes with either suppressed or unsuppressed trans-
port. In the suppressed transport scenario, it is evident that
removal processes played a dominant role, leading to a rapid
decrease in the number of particles in the water column. The
suppressed transport scenario closely resembled the strong
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beaching scenarios, suggesting that beaching was the pre-
dominant removal process. Moreover, the rigid distinction
between settled and beached particles might have led to an
underestimation of beached particles due to the reasons
described above. In the strong transport scenario, diffusion
played a major role in spreading particles across the GoF.
However, high accumulation areas were still seen close to
the sources. As previously suggested, resuspension may have
been insufficient to counterbalance settling due to biofouling
and should be increased to reproduce realistic MP behavior.

In future developments, it might also be worthwhile to
consider implementing a transitional zone where particles
entrapped in sediments in shallow waters are also regarded
as beached (e.g., as in Daily et al. 2021). This potential
ambiguity could be mitigated through additional data analy-
sis or post-processing techniques, such as labeling particles
in the beach area as both settled and beached. Likewise,
the inclusion of wind wave induced resuspension will be
implemented.

Furthermore, it will be imperative to reassess the vertical
motion and consider adding additional drivers for vertical
mixing, including influences from wind and waves to the
Lagrangian particle model. Also, it is important to acknowl-
edge that a uniform time increment may not be suitable,
given that the vertical grid steps are typically significantly
smaller than their horizontal counterparts (Griwe et al.
2012). This distinction becomes particularly pronounced in
longer simulations, where the time step can be many hours.
One potential solution might involve splitting the integration
time step for vertical motion to ensure that particles do not
cross multiple layers within a single time step. However, this
approach may impact computational time.

Finally, future simulations should also consider atmos-
pheric forcing. Presently, its effects can be seen indirectly
in the current field - the variability in atmospheric forcing
determines stratification, current fields, algae growth, and
other factors that impact the four processes. Summer 2018,
particularly until July, was particularly warm, with a high
occurrence of winds from easterly directions (Hénsel et al.
2022; Hoy et al. 2020; Stoicescu et al. 2022; Wilcke et al.
2020). Such conditions likely encouraged the formation of
the thin upper layer and more intense outflow of the upper
layer towards the Baltic Proper (Elken et al. 2003; Liblik
and Lips 2017; Stipa 2004). The described seasonal pattern
in wind forcing is reflected in the time series of the parti-
cles at the boundary. The share of particles at the bound-
ary increased until early August, after which it decreased
(Figs. 8, 10, 12, 14 and 16). The latter exemplifies the impor-
tance of variability in atmospheric forcing in the pathways
of MPs.

The results of this study will be used in the simulations
with the realistic loads of MPs for the GoF. Based on the
sensitivity runs, the most suitable settings for different

processes can be selected considering available observa-
tions of MPs in the water column, sediments, and biota
(Aigars et al. 2021; Chubarenko et al. 2022; Halbach et al.
2022; Mishra et al. 2022). These results will be presented
in the follow-up paper by Mishra et al. (manuscript under
preparation).

5 Summary and conclusions

We used a Lagrangian particle tracking model to simulate
microplastic particle dynamics in the Gulf of Finland (GoF),
Eastern Baltic Sea. A sensitivity analysis explored the
impact of key processes—diffusion, beaching, resuspension,
and biofouling—examining each process independently with
varying strength and collectively with either suppressing or
enhancing the transport.

The individual processes exhibited expected outcomes:
beaching and biofouling acted as removal mechanisms,
diminishing active particles in the water column and hin-
dering transport from the GoF. In addition, the beaching of
particles was enhanced due to the convergence of particles
in the downwelling area. Conversely, resuspension countered
particle removal by elevating them back into the water col-
umn for ongoing transport, while turbulent diffusion contrib-
uted to dispersion and flow out of the GoF. These insights
guide the refinement of model parameters for realistic simu-
lations. Once tuned, the model holds promise for identifying
microplastic pathways and accumulation areas in the marine
environment. Future research should include wind waves,
address particle interactions with the seabed and beaches,
and explore more robust parametrizations for vertical motion
and beaching processes.

Appendix A
Model comparison

We ran two experiments to compare our model with the
OpenDrift model. The first experiment was carried out in
the Gulf of Finland using surface current data from same
high-resolution GETM output as in the sensitivity scenarios
(horizontal grid spacing of approximately 250 m and tem-
poral resolution of 12 hours). The particles were initialized
in a grid with a step of approximately 1 km in areas where
the depth was at least 20 meters. This resulted in a total of
11682 particles (Fig. 17a).

In the second experiment, we used the surface current
data from the European North-West shelf reanalysis product
from the Copernicus Marine Service (Atlantic - European
North West Shelf - Ocean Physics Reanalysis. E.U. Coper-
nicus Marine Service Information (CMEMS). Marine Data
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Fig. 17 Comparison of particle distributions in the Gulf of Finland
using our model (referred to as TTLPM — TalTech Lagrangian Par-
ticle Model) and OpenDrift. Panel a shows the initial positions at the
start of the simulation. Panels b and ¢ show the particle distribution
after 10 days for TTLPM and OpenDirift, respectively.

Store (MDS). DOI: https://doi.org//10.48670/moi-00059.
Accessed on 01-Oct-2023). The horizontal resolution of the
data is 7 km and the temporal resolution is 24 hours. A total
of 15258 particles were released in a grid shown in Fig. 18a.

The particles were advected in the 2D current field with a
time step of 1 hour by a second-order Runge-Kutta scheme
in both experiments and models. No extra horizontal dif-
fusion was applied to the particles and particles that hit
the coastline were immediately removed from the simula-
tion. The particle trajectories were calculated for 10 (20)
days in the first (second) experiment and the final positions
were mapped onto a uniform grid with a resolution of 500
(25000) meters. The b and ¢ panels in Figures 17 and 18
show the number of particles in the grid cells at the final
time moment.
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Fig. 18 Comparison of particle distributions over the European
North-West shelf using our model (referred to as TTLPM — TalTech
Lagrangian Particle Model) and OpenDrift. Panel a shows the initial
positions at the start of the simulation. Panels b and ¢ show the parti-
cle distribution after 20 days for TTLPM and OpenDirift, respectively
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