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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; Matjašič 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 
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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. Matjašič 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 km2) 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 km2 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 (Leppäranta 
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 Väinameri Sea (VS) with a surface area of 2,243 km2 (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; Setälä et al., 2016; Uurasjärvi 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, Pärn 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 (MITgcm). 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 (Gräwe 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-ε 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; Brüggemann 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 (Gräwe 
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 ERA5 re-analysis (Hersbach et al., 2020). Freshwater input to the models is 
based on the runoff data compiled for the Baltic Model Intercomparison Project 
(Gröger et al., 2022) by Väli 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 

https://estmodel.app/en/#/estimates
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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 Brügge, 1991; Lips et al., 2016b). 

A more detailed description of the model setup and validation is provided in Papers II 
and III. 

2.2 Lagrangian particle model 
To track the virtual MP particles, we used the Lagrangian particle model, as presented in 
Paper III. 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 II), 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 III. 
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–3. 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 Väli 
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 III. 

2.3 MP sampling and sample processing 
Surface water samples were collected using a Manta Trawl with a 330 µm mesh, towed 
at the surface for 15–60 minutes at ~2knots (Paper I). The samples were rinsed, sieved 
(5,000 µm, 1,000 µm, and 330 µm), 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 µm and 1,000–4,999 µm (Paper I). Concentrations 
were calculated both as counts per cubic meter (counts/m3; total number of MP divided 
by the volume of water sampled) and counts per square meter (counts/m2; 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 
et al., 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 II). The water column was defined as extending from 
the sea surface to the seabed, with concentrations integrated over the entire column 
(Paper II). 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 II). 

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/m³, 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/m3. 
The daily MP load from riverine sources (particles/day) was calculated by multiplying 
concentration of 35 particles/m3 to the river discharge to the GoF. For more information 
regarding MP found in European rivers, please refer to Paper II. 

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 μm, categorizing 
them into two size classes: 20–200 μm and 200–500 μm. 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 μm 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 μm size fraction, further divided into small (20–200 μm) and large particles 
(200–500 μm) for both PET and PP/PE. 

Scenario 2 focused on PET and PP/PE loads from rivers, also considering the 
20–500 μm 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 II, 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 
river (red dots) emission points at the coast of the GoF. Yellow dots represent the cities mentioned 
in the thesis. The red line indicates the thalweg along the GoF. The black line in panel (A) is the 
location of the open boundary, Gothenburg station marked by the star; panel (C) display the map 
of the eastern Baltic Sea with 16 stations of surface water sampling in the BP region (85), VS (V15 
and V35), GOFW (Paldiski, Suruti, BLRT, Paljassaare, and Pirita), GOFC (14), and GOFE (N12, 
Sillamäe, and N8). The locations of Narva and Pärnu river are highlighted in green. Amended from 
Papers I and II. 

2.6 Processes governing the MP transport 
The sensitivity of different parameterizations to MP transport was studied in Paper III. 
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 III (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. 

Figure 2 – Average concentration of particles at the surface (A, B), in the water column (C, D) and 
bottom sediments (E, F) over the period from 5 February to 31 December 2018. Left panels (A, C, E) 
represent weak transport conditions; right panels (B, D, F) represent strong transport conditions. 
The combined processes include diffusion, resuspension, biofouling and beaching. From Paper III.  
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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 I). 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/m³) (0.11 counts/m2), GOFW (0.65 counts/m³) (0.11 counts/m2), 
GOFC (0.59 counts/m3) (0.10 counts/m2) and GOFE (0.46 counts/m³) (0.08 counts/m2) 
(see Figure 3). The second one was the GoR, with a mean concentration of 0.33 counts/m3 
(0.06 counts/m2), and the third one was the VS, which exhibited the lowest mean of 
0.11 counts/m3 (0.02 counts/m2). 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/m3, 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 II). 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 Pärnu 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 I), 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 II (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/m², with significantly higher 
concentrations in the eastern gulf, where maximum values exceeded 50 particles/m². 
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/m2 and 4.8 particles/m2, 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/m3 in the GoR and 
EGB. Schönlau et al. (2020) found concentrations in between 0.18–0.92 counts/m3 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/m3 was 
measured in the Stockholm Archipelago (Gewert et al., 2017), and 0–0.8 counts/m3 in the 
GoF (Setälä et al., 2016). In other regions of the world, for instance in the Arctic, 
concentrations have varied from 0 to 1.31 counts/m3 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. Li et al., 
2021).  

The differences in human pressure appeared to influence regional MP distributions: 
the GoF region, with catchment densities of approximately 400 inhabitants per km², 
exhibited higher MP concentrations than the GoR region (around 150 inhabitants per 
km²), 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; Schönlau et al., 2020). 
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Figure 3 – Mean MP concentration in the surface layer based on observations from 2016 to 2020. 
In panel A the mean average concentration, calculated as an arithmetic mean at sampling 
locations, is presented. The highest MP concentration observed at each station is displayed in 
parentheses alongside the mean value. The mean MP concentration in different regions of the 
eastern Baltic Sea in 2016-2020 is presented in the panel B. The analysis indicated a statistically 
significant difference in MP concentrations across the regions (F1,120 = 12.31, p = 0.006), highlighting 
variability in MP levels among the studied areas. Amended from Paper I. 
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Figure 4 – Modelled mean concentrations of PET and PP/PE MP particles (20–500 μm) in the surface 
layer of the GoF from 2019 to 2020. Panels A and B represent the riverine origin PET and PP/PE 
particles; panels C and D WWTP origin PET and PP/PE particles; panels E and F display composite 
maps of different origin PET and PP/PE particles. From Paper II. 

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 II (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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Figure 5 – Time series of particle budget in different classes for the GoF: A) water column, B) bottom, 
C) boundary, D) beached. The time series have been smoothed using a 7-day moving window. From
Paper II. 

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 (Jönsson 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. 

Figure 6 – Modelled mean spatial distribution of vertically integrated concentrations of PET and 
PP/PE particles (20–500 μm) in the GoF from 2019 to 2020. Panels A and B represent the riverine 
origin PET and PP/PE particles; panels C and D WWTP origin PET and PP/PE particles; panels E and 
F display the composite maps of different origin PET and PP/PE particles. From Paper II. 
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Figure 7 – Modelled mean meridionally integrated concentration of PET and PP/PE MP particles  
(20– 500 μm) in the water column of the GoF in 2019-2020. Panels A and B represent the riverine origin 
PET and PP/PE particles; panels C and D WWTP origin PET and PP/PE particles; panels E and 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. From Paper II. 

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 II 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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Figure 8 – Mean spatial concentrations of PET and PP/PE MP particles (20–500 μm) on the seabed 
of the GoF. Panels A) and B) represent the riverine origin PET and PP/PE particles; panels C) and D) 
WWTP origin PET and PP/PE particles; panels E) and F) display composite maps of different origin 
PET and PP/PE particles. From Paper II. 

3.1.3 Particle distribution along coastline 
The beaching of MP particles was evident along the entire coastline of the GoF (see Paper 
II, 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 (> 105 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/m³), 
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/m³ and 0.36 counts/m³, 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 (Uurasjärvi 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).   



28 

Figure 9 – Panel A) represents the seasonal variability of MP concentration across different regions 
in the Baltic Sea, while Panel B) illustrates the seasonal variation of mean MP concentration. 
Samples are categorized into 4 seasons: spring (April–June), summer (July–August), autumn 
(September–November), and winter (December–February). The concentration values are in 
counts/m3. Amended from Paper I. 
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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 II. 
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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 II. 

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 m³/s) was higher than the long-term 
average (440 m³/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; Schönlau 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 (r2 = 0.35, 
p = 0.01, n = 15), while a significant positive correlation was only found at coastal station 
K5 (r2 = 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.  

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 I. 

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+vy/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 II. 

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 = ζ/f, the ratio of relative vorticity to the Coriolis 
parameter; Figures 14H, I), 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 Väli 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–I), during Upwelling conditions along the Finnish coast in the GoF. Amended from Paper II. 

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 II. 
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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/m3). Regional differences in MP concentrations in the Gulf of 
Finland, Gulf of Riga, and Väinameri Sea likely reflect variations in human pressure from 
surrounding populations. Smaller concentrations were found in the Väinameri, 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 
Väinameri 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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Kokkuvõte 

Mikroplasti levik ja jaotused Läänemere idaosas 
Mikroplasti (MP) reostus on tõsine ja kasvav probleem veekeskkondades, sealhulgas 
Läänemeres, kus selle jaotumine ja levikuteed on jätkuvalt olulised uurimisküsimused. 
Käesolev doktoritöö ühendab vaatlus- ja modelleerimismeetodid, et uurida MP ruumilist 
ja ajalist varieeruvust, levikut ja akumulatsiooni Läänemere idaosas, sealhulgas 
Soome lahes. Vaatlused viidi läbi Eesti merealade seire raames uurimislaevalt Salme 
Manta traali abil 16 jaamas aastatel 2016–2020. MP jaotuse modelleerimiseks Soome 
lahes kasutati hüdrodünaamika, biogeokeemia ja Lagrange’i osakeste jälgimise 
mudelsüsteemi perioodi 2018–2020 vältel keskendudes polüpropüleeni/polüetüleeni 
(PP/PE) ja polüetüleentereftalaadi (PET) osakestele. Modelleeriti jõgedest ja 
veepuhastusjaamadest merre saabuvate osakeste levikut. Mudelsüsteem võimaldas 
lahutada ka (sub)mesomastaapseid protsesse ning uurida nende võimalikku mõju MP 
kontsentratsioonidele meres. Osakeste mudelis tehti valitud protsessidele tundlikkuse 
analüüs varieerides erinevaid parameetreid ning uurides nende mõju osakeste üldisele 
levikule. Tundlikkuse analüüsis käsitleti protsessidena randumist, osakeste tiheduse 
suurenemist biokile tekke tõttu, horisontaalset segunemist ning resuspensiooni. Analüüsi 
tulemusena leiti mudelile seadistus, millega modelleeriti MP levikut Soome lahes 
realistlike koormustega. 

Väitekiri on koostatud kolme artikli põhjal, milledest esimeses käsitleti mõõdetud MP 
kontsentratsioonide ajalis-ruumilist varieeruvust ning ülejäänud kahes keskenduti 
modelleerimistulemustele. Mõõdetud MP kontsentratsioonid pinnakihis olid vahemikus 
0,01 kuni 2,45 tk/m³ (keskmine: 0,49 tk/m³). Mõõdetud MP kontsentratsioonid olid 
suuremad Läänemere avaosas ja Soome lahes; madalamad väärtused esinesid Liivi lahes 
ja Väinameres. Sesoonselt olid kontsentratsioonid pinnakihis ja veesambas kõrgemad 
sügisel ja talvel ning madalamad suvel. Suvel soodustas settimist biokile kasv ja osakeste 
ujuvuse vähenemine. Talvel põhjustas sagedasem resuspensioon osakeste tõusmist 
veesambasse. 

Simulatsiooni tulemused viitavad, et enamus maismaalt pärit MP akumuleerub Soome 
lahes. Ligikaudu 75% MP settis merepõhja, 10% randus, 14% oli veesambas ja vaid 1% 
väljus Soome lahest Läänemere avaossa. Kõrgeimad kontsentratsioonid esinesid küll 
allikate lähedal, kuid MP vertikaalne jaotus veesambas ei ole ühtlane. Kõrgemad 
väärtused esinesid pinnakihis ja põhjalähedases kihis; vahekihis esinesid madalamad 
väärtused. 

MP sisalduses esines märkimisväärne lühiajaline muutlikkus, mis oli seotud 
hüdrodünaamiliste protsessidega. Rannikutsoonis tuvastati nii mõõtmiste kui 
simulatsiooniga väga madalad MP kontsentratsioonid apvellingu vältel ja kõrged 
kontsentratsioonid daunvellingu ajal. Daunvellinguga tekib ranna lähedal konvergents ja 
MP kogunemine. Apvellingu käigus tõuseb pinnale vahekihi vesi, kus MP 
kontsentratsioonid on madalad. Tugevad hoovused põhjustavad MP resuspensiooni ja 
kontsentratsiooni tõusu veesambas. 

Käesolev dissertatsioon annab teadmisi MP levikuteedest, ruumilisest varieeruvusest 
ja akumulatsioonist Läänemere idaosas. Tulemused näitavad vajadust edasiste uuringute 
järele, mis keskenduksid muuhulgas submesomastaapsete protsesside mõjule ning 
maismaalt tuleva MP reostuse levikule rannikutsoonis. 





51 

Appendix 

Publication I 

Mishra A., Buhhalko N., Lind K., Lips I., Liblik T., Väli G., et al. (2022). Spatiotemporal 
variability of microplastics in the Eastern Baltic Sea. Front. Mar. Sci. 9. doi: 
10.3389/fmars.2022.875984 
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i]df̀Z_][ZfŶ ]Zf_jcZ_fc_klllbm]df̀Z_][Zfbd]n Ŷ opqppkrdast_ukv]̀Zca_wxyuwz{|
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