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Marine plastic litter has been recognized as a growing problem and a threat to the marine environment and ecosystems, although its impacts on the marine life are still largely unknown. Marine protection and conservation actions require a detailed knowledge of the marine pathways, sources, and sinks of land-emitted plastic pollution. Model-based assessments provide a systematic way to map the occurrence of microplastics in the marine environment and to link the coastal sources to the accumulation zones in the sea. New modeling capacities have been developed, which include relevant key processes, i.e., current- and wave-induced horizontal and vertical transport, biofilm growth on the particle surface, sinking, and sedimentation. The core engine is the HIROMB-BOOS ocean circulation model, which has been set up for the Baltic Sea in a high, eddy-permitting resolution of approximately 900 m. We introduce the three-dimensional modeling tool for microplastics and demonstrate its ability to reproduce the drift pattern of microplastics in the Baltic Sea. The results of a multiyear run 2014–2019 provide the basis for an extensive validation study, which allows the evaluation of the model quality. The assessments focus on three types of microplastics, from car tires and household products, with different densities and particle sizes, which cover a broad range of land-emitted microplastic pollution. We show that the model is applicable to the task of identifying high concentration zones in the Baltic Sea and that it can be a useful tool to support the study of the environmental impacts of microplastics in the Baltic Sea. Our results suggest that microplastic concentrations in coastal regions close to major sources reach values above 0.0001 g/m3 near the surface, dependent on the buoyancy of the plastic material and the amount of discharge. The comparison with observations shows that the model is able to reproduce the average concentrations of measured microplastics in the size class of 300 μm with statistical significance, but it underestimates the very high concentrations associated either with flooding or high river-runoff events or generated by sub-mesoscale transport. The model is able to reproduce the seasonal dynamic in Latvian and Estonian waters, except for October, when the increase of modelled microplastics in the ocean is too slow. But the general spatial patterns are sufficiently well reproduced, which makes the developed model a tool sufficient for the assessment of microplastic transport and accumulation pattern.
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Introduction

The marine plastic pollution of the marine environment is a severe problem that has developed into a thread since mass production started in the 1970s. Despite efforts to control the use of plastics, it is expected that global annual plastic waste production is increasing over the coming years (Kaza et al., 2018; Brandon et al., 2019; Borrelle et al., 2020). This has been recognized by the United Nations (UN), whose sustainable development goal 14.1 aims to prevent or at least significantly reduce the marine pollution by 2025, including plastics. In Europe, the Marine Strategy Framework Directive (MSFD) (Directive 2008/56/EC) (EU Commission, 2008) identified anthropogenic litter as a dominant pressure and main source of impact on coastal habitats. The MSFD sets conditions for European member states to achieve good environmental status, i.e., when the properties and quantities of marine litter do not cause harm to the marine environment (MSFD, descriptor D10).

Reaching this goal requires implementing effective legislative and management measures, as well as technological solutions to combat plastic pollution in the ocean. A deeper understanding of the sources, pathways, and sinks of plastic litter is required to effectively implement these measures (Halle et al., 2016; Geyer et al., 2017; Siegfried et al., 2017). The EU-H2020 project CLAIM develops new technologies for the prevention and in situ management of plastic pollution, including modeling capacities for microplastic transport and accumulation assessments.

Plastic debris is highly durable and tends to accumulate in the marine environment (Barnes et al., 2009). Its pathways depend on the buoyancy of the particles, which is a function of the material composition, density, and shape (Derraik, 2002). Most of the plastic items that are used in everyday applications are made from materials that are lighter than sea water and initially buoyant, when introduced to the marine environment, but some, like tire wear particles, are heavier than sea water (Parker-Jurd et al., 2021). Biofilm growth on the plastic surface is the key removal process that increases the density of initially floating plastic particles, leading eventually to sinking and sedimentation (Fischer et al., 2014; Dang and Lovell, 2015). However, it makes it also attractive for ingestion by animals such as zooplankton (Nerland et al., 2014).

The assessment presented in this study focuses on marine microplastics (<5-mm diameter) and studies the transport and accumulation in the Baltic Sea marine environment. Land-based microplastics, emitted from car tires (OSPAR et al., 2017), household products such as personal care and cosmetic products (PCCP), and fabric products, are entering the surface waters via air, surface runoff, and the effluents of wastewater treatment plants (WWTPs). The Baltic Sea is a semi-enclosed basin with a large catchment area, which is approximately four times the size of the sea (386,000 km2). Limited transport through the Danish straits, a significant runoff of 15,000 m³ s-1 (HELCOM, 2019), and high concentrations of the population in the catchment area, of 84 million people, make the Baltic Sea vulnerable to environmental pressures from land-based sources, like plastic litter (HELCOM, 2009). Nearly half of the runoff drains into the Baltic Sea via the seven largest rivers, namely, the Neva, Vistula, Daugava, Nemunas, Kemijoki, Oder, and Göta Älv (HELCOM, 2019); all of them, except the Göta Älv, are rivers with significant microplastic loads (She et al., 2021). Estimates for the exports from the catchment to the Baltic Sea have been published, but they are either global and inadequate in resolution and coverage (Lebreton et al., 2017; Jambeck et al., 2015) or come to very different results. For this reason, the annual exports of tire wear and household microplastics to the Baltic Sea were reestimated in the Cleaning Litter by Developing and Applying Innovative Methods in European Seas (CLAIM) project, derived from national statistics, population density, and urbanization maps as well as river catchment maps (She et al., 2021). In this study, we mainly consider land-based microplastic emission to the Baltic Sea, generated by tire wear and the release of household products, based on the CLAIM source mapping results. The fragmentation and degradation of land-based macroplastic litter and microplastic inputs from paints and pellets are also important sources of marine microplastics but, for simplicity, are not included as sources in this modeling study.

Microplastic monitoring has strongly benefitted from recent research and the further development of observation techniques, as well as the intensification of the microplastic monitoring campaigns [e.g., Setälä et al. (2016); Karlsson et al. (2020); Aigars et al. (2021)]. However, the level of monitoring reached is not yet sufficient to enable a Baltic Sea–wide assessment of the spatial and temporal pattern of microplastic pollution. The studies lack spatial and temporal coverage and the regularity of annual monitoring assessments. Furthermore, a variety of monitoring and analysis methods have been used, which complicates the harmonization and integration of different data sets. The uncertainty in measured microplastic data sets have been assessed in She et al. (2022). The relative sampling errors have been found to be 40%–56% for replicate samples in the data sets.

Modeling has become an important tool for the assessment of pathways and spatiotemporal patterns of microplastics. Since the size of the particles is relatively small and their numbers are substantial, they can be treated as the concentrations of particulate matter using a Eulerian modeling framework, similar to the modeling of suspended particulate matter (SPM) (Pleskachevsky et al., 2005; Gayer et al., 2006). As such, their dynamic is affected by the baroclinic currents of the three-dimensional (3D) ocean model, horizontal and vertical mixing, the surface driving forces of the winds, and the waves and the sinking processes implemented for SPM tracers. Unlike SPM tracers, the density and sinking velocity of buoyant microplastic particles depends on the growth of a heavier biofilm shell surrounding the particles. Microplastic tracer transport studies have been carried out in the Baltic Sea by Schernewski et al. (2021) and Osinski et al. (2020) using the General Estuarine Transport Model (GETM) ocean circulation model, but their model did not include biofouling as a process to increase the density of initially floating microplastics and to remove them through sinking and sedimentation. Biofouling, sinking, and sedimentation are regarded as a major removal process for buoyant marine microplastic in the aquatic environment and must be taken into account by the model. Other modeling studies in the North Sea (e.g., Cuttat, 2018) and Mediterranean Sea (e.g., Tsiaras et al., 2021) have included the biofouling of microplastic particles. The results show that the models are capable of simulating the general spatial patterns of microplastics in the seas.

The biofouling of microplastic particles is a complex process (Fischer et al., 2014; Kooi et al., 2017). Cuttat (2018) used the Kooi biofouling parameterization for microplastic fragment transport from dolly ropes. Tsiaras et al. (2021) used a simulated concentration of specific bacteria species to parameterize the biofilm growth Cubarenko et al., 2016. In this paper, we employ a biofilm growth formulation that depends on chlorophyll-a (chl-a) concentrations in sea water to describe the strong seasonality of the biofilm growth rates obtained from fluorescence-based observations (Fischer et al., 2014). Strictly speaking, chl-a concentrations and biofilm growth activity through bacterial production are not directly linked. However, it is assumed that chl-a can be used as a proxy for the primary production, which, in turn, controls the generation of detritus. Abundant detritus in sea water can indirectly lead to the increased growth of bacteria that feed on the detritus. For this reason, we assume that chl-a concentrations can be used to determine the growth rates of biofouling in the model. An empirical biofilm growth model has been developed that uses chl-a concentrations from the Baltic Sea reanalysis product of the Copernicus Marine Environment Monitoring Service (CMEMS), provided by the ERGOM model. The model resolves the vertical dynamic by calculating the sinking velocity using the Stokes formula and by applying the sinking velocity to calculate a mass flux and associated concentration change. The velocity can be negative, for floating microplastics, in which case, the sinking term describes buoyant raising. The vertical velocity depends not only on the density and size of the combined particle and biofilm shell but also on the eddy viscosity, calculated by the model. For this reason, the particles will sink slower and remain longer in the mixed layer.

The model resolution and the ability to resolve the near coastal zone are important factors in simulating the transport of microplastic pollutants originating from land-based sources. High-resolution model simulations are required to resolve the discharge pattern realistically (Frishfelds et al., 2022). The computational efficiency of the applied 1HBM ocean circulation and tracer transport model makes it possible to do multiyear simulations with a computationally affordable spatial horizontal resolution of approximately 926 m (≈ 0.5 nmi) in the entire Baltic Sea. This is a compromise between the available computational resources and the required resolution, which could be well below 100 m as was demonstrated by Frishfelds et al. (2022).

The wave-induced transport, mixing, and resuspension of microplastics that settle on the sediment are processes that need to be taken into account. Schernewski et al. (2021) applied wave-induced shear stress in the microplastic modeling. Tsiaras et al. (2021) included the wave-induced Stokes drift of microplastic particles. In this study, the wave-induced drift was implemented as wave-induced driving force in the momentum equation solver of the HBM ocean circulation model. This adds a non-negligible component to the transport of microplastic pollutants and might enhance long-shore transport and, in some cases, also on-shore transport, dependent on the direction of the waves in relation to the shoreline. Some of the microplastics wash ashore, but the process is more efficient for meso- and macroplastics (Hinata et al., 2017).

The objectives of our study are the 3D modeling of microplastic transport, behavior, and deposition in the Baltic Sea environment and the assessment of the spatial and temporal variability of microplastic concentration. We choose to use a Eulerian modeling framework, describing microplastics as concentrations rather than as individual particles. This allows to cover the Baltic Sea in adequate resolution and makes it easier to integrate at a later stage the microplastic model into the forecasting system of the Danish Meteorological Institute (DMI). The model results were compared with several observation data sets in the eastern Baltic Sea.

The paper is organized as follows: first, the coupled ocean circulation, wave, and microplastic transport model is described and the parameters and microplastic input data sets are introduced; next, the model results are analyzed to derive the temporal and spatial patterns of the modeled microplastic transport and accumulation in the Baltic Sea environment. The model results are compared with observations to assess its capacity to model the general dynamic of microplastics in the Baltic Sea. Finally, the results are discussed and conclusions are derived.



Materials and modeling methods


Specification of microplastic sources

Microplastics at sea cover a large range of materials and sizes, from a micrometer scale to 5 mm. This enormous range makes it necessary to identify the typical sizes and materials that can be treated in the context of drift and fate modeling. Ideally, it is possible to model a wide spectrum of microplastic particle sizes and densities. However, in this study, a simplified scenario regarding particle sizes and densities is applied. Three categories of spherical microplastic particles are selected: (1) the very small fraction with a size of 5 μm (MP1), (2) the medium- small, average fraction with a size of 42 μm (MP2) and (3) the larger fraction with a size of 300 μm (MP3). MP1 represents the tire wear microplastic particles, with a density of 1,250 kg/m3 (Kole et al., 2017). MP2 and MP3 are used to represent microplastics released from WWTPs. As shown in Vollertsen and Hansen (2017), the median value of the size of microplastic particles in the effluents of 12 Danish WWTPs is 42 μm, which is the particle size that was chosen for MP2. Microplastic particles larger than 300 μm are the ones that are usually monitored at sea. Here, we choose to include MP3 in the simulations to be able to compare model results with observations. Since household microplastics make up a large part of the microplastics released from WWTP and mainly consist of buoyant plastic materials with a lower density than seawater, a density value of 965 kg/m3 was chosen for MP2 and MP3.

The microplastic loads of tire wear particles and emissions from rivers and coastal catchments were calculated in the CLAIM project (She et al., 2021). The outcome was directly applied as an MP1 source input in the model simulations. For MP2 and MP3, the total discharge into the Baltic Sea was estimated based on an assessment of the microplastics released from WWTP. The method involves several steps. First, raw emission per capita are estimated from Danish WWTP data (Vollertsen and Hansen, 2017; Danish Environmental Protection Agency (EPA), 2015) second, a unified WWTP purification rate is applied to estimate the total emission from the Baltic Sea catchment. The total emission of the WWTPs to the Baltic Sea is estimated to be 887 tonnes per year (t/yr.) using a Danish WWTP purification rate of 99.66% (Vollertsen and Hansen, 2017), and 5,453 t/yr. by using a Finish purification rate of 97.8% (Talvitie et al., 2015). In this study, we choose to use 1,000 t/yr. microplastics entering the Baltic Sea from the WWTPs, among which, the MP2 load is 850 t/yr. and the MP3 load 150 t/yr. This distribution follows Vollertsen and Hansen (2017), who measured the size distribution of microplastics in the effluents of 12 Danish WWTPs. The results showed that 85% of microplastic particles larger than 20 μm fall in the average size class of 42 μm, represented by MP2, whereas 15% of the measured particles fall in the larger-size class, represented by MP3. The spatial distribution of MP2 and MP3 loads from rivers and costal catchment uses the spatial distribution of PCCP microplastics, which was calculated using PCCP microplastic raw emissions Magnusson and Wahlberg (2014), population density maps, river discharges, and a catchment model. Details can be found in a CLAIM report on marine plastic source mapping (She et al., 2021). The key parameters of the three microplastic categories are given in Table 1. The model used microplastic concentrations at a river inflow location (Figure 1), which are calculated from the annual discharge (t/yr.) and the annual mean fresh water runoff (m3/y) from the Swedish E-HYPE model.


Table 1 | Microplastic fractions, for tire wear microplastics MP1 and household microplastics MP2–MP3 .






Figure 1 | Model bathymetry and position of validation stations (A), as well as annual river discharges of 455 coastal sources in the Baltic Sea (B): Tire Wear MP1 microplastic loads (green) and household microplastics MP2+MP3 (red) in the units of tonnes per year.





Modeling microplastics, vertical dynamic, and removal processes: biofouling, sinking, and sedimentation

The modeling of microplastics involves the treatment of the advection and mixing processes, which are handled by the ocean circulation model HBM, as well as the treatment of vertical dynamic processes and weathering processes, i.e., biofouling, which are handled by the microplastic model implemented in the circulation model.

Plastic materials that are used in everyday life are often less dense than sea water. When they enter the marine environment, they are buoyant and float near the surface. There, they would accumulate, if weathering and removal processes would not act to reduce their concentrations. For marine microplastics, this includes the initial stages of biofouling, i.e., the settlement and the growth of algae on the particle surface, the development of a biofilm, and the removal processes of sinking and sedimentation of the particle. The time a plastic particle spends in the water column depends as much on the particle’s material characteristic, i.e., size, shape, and density, as it depends on the efficiency of the biofilm growth. The growth process is rather complex and depends on the environmental parameter. A model of proposed complexity is provided by Kooi et al. (2017). We choose to use a simpler empirical model for the biofilm thickness that would not require the tuning of too many growth parameters. The model features two tuning parameters: the maximum biofilm thickness and a time scale for growth. Initially thought to be a first approach to the problem, the simplified growth model has proven to provide stable seasonal solutions.

The implemented biofilm growth model simplifies the different stages of biofilm formation to one continuous process, focusing solely on the prediction of the floating time horizon, when, initially, lighter microplastics start sinking. The model deals with the problem in two steps: firstly, handling the growth of the biofilm thickness hbf(x,t) , when suitable growth conditions are existent and secondly, the transport of the biofilm mass concentration using the Eulerian framework that is also employed for the microplastic concentrations. The biofilm concentration is a 3D field that is advected by the ocean currents. In its current formulation, biofouling has been implemented as a saturated growth process, using limiters for the maximum thickness hmax and the time scale of biofilm growth Tsat

	

Here, bold characters indicate vectors: x being the position in space and t being the time. The density of the biofilm shell is considered to be constant and, with a value of 1,388 kg/m3, is approximately 35% larger than the density of sea water, which is 1,027 kg/m3. It is assumed that the biofilm shell surrounds the spherical particle evenly, which makes it possible to calculate the thickness of the biofilm required for sinking. The value is approximately 5.4% of the radius of the microplastic particle. Suitable parameters for the maximum biofilm thickness hmax and the growth time scale Tsat were defined empirically, on the basis of modeling experiments, but the values that have been found are in a realistic range when compared to observations (Fischer et al., 2014).

Multiyear simulations (July 2013 to December 2016) were performed to determine the set of parameters that would provide a stable overall seasonal dynamic, i.e., that would neither lead to a continuous accumulation of microplastics in the Baltic Sea nor would they lead to a complete evacuation of the Baltic Sea in summer, when biofilm growth is the strongest. Observations show that the measured concentrations during summer are non-zero. The argument for neglecting a positive trend in the entire Baltic Sea is based on the assumption that such a trend should be explained by a comparable increase in river discharges rather than by the interannual changes of the seasonal dynamic of drift and weathering processes. As the concentrations in the rivers remain constant, the amount of released microplastics is in fact a function of the river runoff, which is assumed to have no clear trend in the period of consideration. Spin-up effects play a role, but it has been found that microplastics spread very efficiently and that the 3.5-year simulation period is enough for the modeled concentrations to converge to a steady state in a weak sense, with microplastic concentrations from the sources held constant. A weakly steady state is characterized by seasonal variations, but there are no pronounced long-term trends of microplastic concentrations in the Baltic Sea environment, when the sources are kept constant. The residence time of microplastics in the ocean (not the environment) is relatively short: years rather than decades, and is determined by mass removal processes: biofilm growth, sinking, and sedimentation. The model dynamic is therefore less constrained by the initial conditions than by the boundary conditions, that is, by the coastal sources. The process with the largest uncertainty and the largest potential for model tuning is the efficiency of biofilm growth. Long-term simulations have been carried out to improve the parameterizations and to adopt the model to the harsh climate in the Northern Baltic Sea (Bay of Bothnia), where phytoplankton growth and related biofilm growth are limited to the summer seasons.

In the course of the model tuning, the time scale of biofilm growth for the large fraction of MP3 was reduced to facilitate the microplastic removal process. However, it is still in a range that compares to measurements at Kiel Fjord (54° 33’N 10° 14’E), in the south-western Baltic Sea (Fischer et al., 2014). The study involved biofilm growth measurements using optical sensors and found the cell density of diatoms or bacteriochlorophyll-a containing cells that reached the values of 104 to 105 cells/cm2, toward the end of the measurement campaign, after 20 days. The values depend on the season: 100 104 cells/cm2 in October and 160 104 cells/cm2 in May. Assuming cells with a diameter of 10–20 μm, a surface coverage larger than 60% of hexagonally close packed cells in two layers is enough to let an MP3 particle of 300-μm diameter sink after 20 days. That is approximately the time, 18.96 days, that has been considered in the model simulations.

The model uses a combined CMEMS bio-reanalysis (BalMFC, 2019) and satellite (OC-TAC, 2019) product to determine seasonal growth conditions in the Baltic Sea. The implementation uses the local chl-a concentrations in sea water to determine the start and end of the biofilm growth season. The growth process is activated when the local chl-a concentration exceeds a critical limiter of 1.1 mg/m3, and it stops when the local concentration falls below this value. The limiter is a rather arbitrary parameter, the choice of which is justified only by its ability to represent the expected seasonal pattern of biofilm growth (Figure 2). The biofilm concentrations are advected by the flow field of the mean currents, as are the concentrations of microplastic particles to which they adhere. They can be transported out of the area of active biofilm growth but then remain inactive and do not increase their concentrations.




Figure 2 | Seasonal pattern of biofilm growth: CMEMS bio-reanalysis (BalMFC, 2019) product (A) and combined reanalysis and satellite data (OC-TAC, 2019) product (B), with extended growth season: May–August in the entire Baltic Sea.



Biofilm growth and chl-a concentration increase through phytoplankton growth are only indirectly linked to each other. Chl-a serves as a proxy for the primary production in the ocean, which, in turn, controls the production of detritus, taken up by the bacteria involved in biofilm growth. It is assumed that seasonal changes in primary production and detritus abundancy can be used to describe the strong seasonality of biofilm growth observed in Fischer et al. (2014).

The vertical dynamic of microplastics, whether they rise to the surface or sink to the seabed, depends on their density in relation to the density of the surrounding sea water and eddy viscosity. The model applies the Stokes law for spherical particles to calculate the sinking velocity (wsink ) as a function of the combined density of the microplastic particle and biofilm (ρpb ) in relation to the density of the surrounding water (ρw ). The model uses the eddy viscosity (μ) of the circulation model HBM, with a lower limit provided by the kinematic viscosity (ν) and fluid density (μ ≥ ν · ρwater ).

	

Here,R=Rp+hb is the radius of the combined radius of the plastic particle and biofilm thickness and g is the gravitational constant. The density ρpb is a function of the biofilm thickness (hb ).

	

During the floating phase, the particles accumulate in the mixed layer, from which they are removed during the sinking phase, when the particle density ρbf has increased sufficiently.

The vertical dynamics of sinking and rising has been implemented as a mass exchange process between vertically neighboring grid cells, which leads to a concentration change of   with   (in the case of sinking) and  (in the case of buoyant rising). Here, k is the vertical grid index, which increases with depth and h k+1 is the thickness of the k+1 grid cell. Mass conservation is ensured.

Sedimentation has been implemented as a sink for both microplastic particles and biofilm shells. The model uses the sinking velocity in the layer near the sediment (kb) to calculate the removal rate:   (Figure 4). Once removed from the water column, microplastic particles are permanently added to the sediment pool. Despite its limitations, the biofilm growth model is able to reproduce a seasonal dynamic for initially floating microplastics (Figure 3).




Figure 3 | Monthly climatology (6-year data set: 2014–2019) of average biofilm thickness (red), density (black, panel A–C), and the range of density values (shaded areas) for tire wear microplastics MP1 (A, B) and household microplastics MP2 (C, D) and MP3 (E, F). The dotted line marks the density of sea water. Average, minimum, and maximum sedimentation rates are provided (black, panel B, D, F). Sinking velocities have been recalculated using kinematic viscosity.





Microplastic transport model

Microplastic transport simulations employ the operational ocean circulation and storm surge model HBM of the DMI. HBM is a 3D baroclinic ocean circulation and sea ice model suitable for the shelf-sea and coastal dynamics She and Murawski, 2018. It solves dynamic equations for momentum and mass, and budget equations for salinity, heat, and Eulerian tracers, on a spherical grid with a number of model levels at fixed depths in the vertical dimension. The free surface implementation allows for varying sea levels and the flooding and drying of grid cells. The horizontal advection and diffusion are modeled using a flux-corrected transport scheme. The Boussinesq approximation is applied. In the vertical direction, the model assumes hydrostatic balance and the incompressibility of sea water. Higher-order contributions to the dynamics are parameterized, following Smagorinsky (1963) in the horizontal direction and a k-ω turbulence closure scheme, which has been extended for buoyancy-affected geophysical flows in the vertical direction (Berg, 2012). The turbulence model includes a parameterization of breaking surface waves (Craig and Banner, 1994) and internal waves (Axell, 2002). Stability functions from Canuto et al. (2001) Canuto et al. (2002), Canuto et al. (2010) for the vertical eddy diffusivities of salinity, temperature, and momentum are applied. Additionally, the turbulence closure scheme considers realizability criteria (Brüning, 2020) to ensure the numerical stability of the model. HBM includes a thermodynamic and sea ice model, which describes the dynamic of free drifting ice and coastal fast ice. For more information on HBM, the reader is referred to Berg and Poulsen (2012); Poulsen et al., 2015; BalMFC group et al. (2014), and Poulsen and Berg (2012).

The HBM model was one-way coupled with the wave model WAM Cycle 4.5 (WAMDI Group, 1988; Komen et al., 1994) to improve the microplastic transport, especially in shallow waters. WAM and HBM run together as a weekly coupled system, exchanging files containing the hourly data of the wave-induced force, i.e., the divergence of the wave radiation stress, which is added to the wind-driven surface force in the HBM momentum solver. The wave surface force is a standard output of WAM Cycle 4.5. Both HBM and WAM use the same wind forcing and share the same horizontal model grid and resolution in the Baltic Sea to avoid interpolation between model grids.

The scheduling of the model system includes several sequential steps that are either performed as separate model runs of the wave and ocean circulation model or as sequential steps in the Eulerian tracer updating cycle. The first component to run is the wave model WAM, which provides hourly wave-induced drift components to the HBM model. It runs independently of HBM but uses identical meteorological forcing. The second component to run is HBM, which is reading the WAM input files every time the meteorological forcing is red. Both are provided as surface force to the momentum solver of the HBM model. After updating the 3D currents and transport, including microplastic tracers, the Eulerian tracer routine is called, which handles the growth of a biofilm on the particle surface, the associated increase in density and the resulting vertical dynamic of the microplastics. This is done every Eulerian coupler time step, i.e., every 25-s runtime. First, the model calculates the density dependent vertical velocities and the mass exchange between vertically stacked grid cells. Then, the microplastic concentrations are updated. In between the main model time steps, HBM is treating microplastics as passive tracers that are subject to advection and diffusion.



Model configuration and set-up

The HBM ocean and microplastic drift model covers the North Sea in 3-nautical mile (nmi) horizontal resolution (~5.4 km), the Wadden Sea/West Coast in 1.0 nmi (~1.8 km) and the Baltic Sea and the Transition Zone, south and east of Skagen in 0.5-nmi resolution (~900 m) (Figure 1). The setup is a further development of the DMI’s operational storm surge setup and features the same bathymetry and model configuration in the North Sea, Wadden Sea, and Transition Zone until approximately the longitude of Bornholm (14.7 °E). Further to the East and North, the setup has been extended in 0.5-nmi resolution, using publicly available bathymetry RTOPO-2 (Schaffer et al., 2016; Schaffer and Timmermann, 2016). The vertical model grid uses 122 layers in the Baltic Sea, with a varying thickness of 2 m at the surface, 1 m below the surface, and gradually increasing layer thickness of up to 50 m at layers below 100-m depth. The thickness of the lowest layer adapts to the position of the seabed. In the North Sea and Wadden Sea, the model features a thicker surface layer of 8 m, to include sea-level variations due to tides and surges, and subsurface layers of increasing thickness, of 2 m in the upper 82 m and up to 50 m below. At the open model boundaries toward the North Atlantic, between Scotland and Norway and in the English Chanel (Figure 1, inlet), the model uses tidal sea surface elevations based on 17 constituents and precalculated surges from a two-dimensional barotropic model covering the North Atlantic. The model uses boundary conditions and weather forcing from the operational forecasting system of the DMI, to ensure the good quality of the modeled ocean circulation in the Baltic Sea. HBM was forced by DMI’s high-resolution operational weather model DMI-HIRLAM until July 2018 and DMI Harmonie thereafter. The model was initialized using data from the Copernicus Marine Service CMEMS operational product, which was provided by DMI-HBM at the time. Daily freshwater runoff from the Swedish E-Hype model (Arheimer et al., 2019) is applied for 693 rivers, of which 455 are in the Baltic Sea (Figure 1).

The wave model WAM Cycle 4.5 runs in a nested sequence of three computational grids to ensure that remote swell from the North Atlantic is entering the North Sea and the Skagerrak. The large grid covers the North Atlantic from 69°W to 30°E and from 30°N to 78°N in ≈ 25-km resolution and the North Sea and Baltic Sea from 13°W to 30°E and from 47°N to 66°N in 5-km resolution. This setup provides boundary conditions for a third nested domain, which, in the operational configuration of the DMI, covers the seas around Denmark. In CLAIM, the third domain was extended eastwards and northwards, to cover the entire Baltic Sea in 900-m resolution. The full wave energy spectrum is transferred along the model interface of the WAM model boundary. The JONSWAP Spectra with a fetch of 30 km is applied to the open boundaries of the North Atlantic domain.

The Baltic Sea ocean-circulation model HBM and wave model WAM use a model grid with identical horizontal configuration and depth (Figure 1). This way, the two models can be coupled and information can be exchanged, without having to interpolate the data spatially between the different model grids. The only difference between the two model bathymetries is that WAM is using a minimum depth of 1 m, whereas there is no such limit in HBM. Another difference is related to the ice information that is used. Whereas HBM relies on its own thermodynamic and drift-ice and fast-ice dynamic routines to describe the development of the ice, the WAM model uses the satellite-derived OSTIA operational sea ice analysis product (Operational SST and Sea Ice Analysis), including OSI SAF data (Craig et al., 2011).



Modeling results analysis


Seasonal dynamic of modeled microplastics in the Baltic Sea

Baltic Sea wide assessments of microplastics pollution require model simulations on time scales that cover several years, to study offshore transport and accumulation in the deeper basins of the Baltic Sea. The here-presented assessment is based on a 6-year model simulation, covering the years 2014–2019. The model run was initialized on 1 July 2013 with realistic conditions for salinity and temperature and with microplastic concentrations from a previous 3-year run. The first half a year, until the 1st of January 2014, was used for spinning up the model. Data from this period are not taken into consideration for the model data analysis.

Figure 4 shows the seasonal dynamic of microplastics in the Baltic Sea. Highest microplastic concentrations occur near the surface and the seabed, which only make up a small fraction of the total volume of the Baltic Sea, approximately 4.3% of all grid points. The concentrations in the remaining part of the water column (95.7% of all grid points) are four-to-six times lower than the concentrations near the surface. The reason for this is that initially floating microplastic either drifts near the surface or sinks to the bottom of the sea, when biofilm growth has increased the density of the particles sufficiently enough. Figure 5 shows the modeled profile data at Bornholm Deep (station BMPK2). In the mixed layer near the surface, the microplastic concentration is quite homogeneous, at all seasons, except the biofilm-growing season: May to October, when the surface gets evacuated of MP2 and MP3 microplastics that sink to the deeper layers (Figures 4, 5: middle and lower panel). Microplastics that are heavier than sea water (Figures 4, 5: top panel) do not require the additional weight of the biofilm for sinking. Therefore, these initially sinking microplastics feature higher concentrations near the seabed, when compared with the surface concentration. The ratio of seabed-to-surface concentrations varies from 0.1 to 0.26 (large-fraction MP3, 300 μm) and from 0.15 to 0.35 (average-fraction MP2, 42 μm), to the values of 0.3 to 0.6 for the heavier but small fraction (MP1, 5 μm).




Figure 4 | Time series of average microplastic concentration in the entire Baltic Sea: tire wear MP1 (A) and household microplastics MP2 (B) and MP3 (C). High concentrations exist at the sea surface (gray) and near the seabed (red), which account for 4.3% of the total number of grid points. The concentrations in the remaining part of the water column (light blue) are rather similar to the concentrations in the entire Baltic Sea (dark blue).






Figure 5 | Profiles of microplastic concentration for tire wear MP1 (A), household microplastics MP2 (B) and MP3 (C) fragments at Bornholm deep, station BMPK2 (55° 15’ N 15° 59’ E), in the southern Baltic Sea.



The seasonal cycle of seaborne microplastic pollution is largely controlled by the river runoff and biofilm growth. The cycle starts in spring with the increase in river runoff and the related increase in microplastic discharges into the Baltic Sea. The continuous discharge and rather low activity of biofilm growth lead to a peak in the late spring or early summer season. The earliest to reach their maximum concentration are car tire particles (MP1), which are heavier than sea water and do not require biofilm growth for sinking. They reach their maximum average surface concentration of approximately 0.4–0.5 mg/m3 (1 mg/m3 = 10-3g/m3) already in the first half of March. Initially floating particles MP2 and MP3 require more time until they develop a sufficient biofilm shell for sinking. MP2 particles reach their maximum average surface concentrations of 0.14–0.19 mg/m3 earlier, at the end of March or the beginning of April, than MP3 particles, which take longer, until latest the end of April to reach their maximum average surface concentrations 0.067–0.098 mg/m3. The peak season for microplastics near the surface ends in April for MP1, at the beginning of May for MP2, and in the middle of May for MP3, when the average surface concentration falls below the 90% level of the maximum average value. This is largely because May is the first month when biofilm growth is active in the entire region of the Baltic Sea. The Baltic Sea wide growth season ends in August, which leads to the minimum surface concentrations of MP2 and MP3 microplastics in early September.




Transport pattern of microplastics in the Baltic Sea

The mapping and visualization of microplastic pollution in the marine environment are one of the aims of drift and fate modeling. Observational data alone are too sparse, in space and time, to provide a comprehensive picture. Validated high-resolution modeling results can be used to fill the knowledge gaps and to identify the larger spatial and temporal pattern of microplastic transport.

Near-surface conditions (Figure 6) feature higher concentrations near significant coastal sources, i.e., rivers and coastal catchments. There, the surface concentrations reach the maximum values of 0.0001 g/m3 and above. Horizontal transport and mixing lead to the gradually decreasing distributions of relatively high surface concentrations near the sources (Figure 6). These surface patterns extend offshore, but they remain rather coastal. Offshore, horizontal patterns are determined by the transport of particles with the current- and wave-induced mean flow and the residence time in the upper layers of the water column. The latter is strongly affected by the efficiency of biofouling and the velocity of sinking. The small- sized but heavy-fraction MP1 (5 μm) features relatively low sinking velocity because the Stokes law depends quadratically on the particle radius. This and the relatively high amount of river discharge [roughly 10 times higher microplastic load than MP2 and MP3 together (Table 1)] lead to the pronounced pattern of MP1 in the downstream direction from the coastal sources. MP2 (42 μm) features a similar but less pronounced pattern than MP1, even though the amount of river discharge is much lower. This is due to the fact that initially floating microplastics (MP2 and 3) spread much further horizontally before the growth of a biofilm begins to affect their buoyancy, ultimately forcing them to sink to the seabed. The same is true for MP3 microplastics. However, the amount of discharged MP3 microplastics is much lower (approximately 5.6 times lower) than the discharge of MP2 microplastics. Therefore, the MP3 high-concentration pattern is much more coastal than the comparable MP2 pattern.




Figure 6 | Surface pattern of microplastics from tire wear microplastics MP1 (A) and households microplastics MP2 (B) and MP3 (C), 6-year mean 2014–2019. Contours show the average concentrations of 10-4 g/m3.



Oder and the Vistula are the two main riverine sources. From their estuaries in the southern Baltic Sea, the pollutants are transported away, by the generally cyclonic (counterclockwise) circulation, eastwards and northwards along the shores of Poland, Russia, Lithuania, and Latvia. At the entrance to the Bay of Riga, they mix with the plastic pollutants from the river Daugava, which enters the Baltic Sea at Riga. Further to the north and east, Neva, Baltic Sea’s largest river in terms of fresh water (2,750.14 m3/s), and the third largest in microplastic contribution, discharges its microplastic load into the Gulf of Finland (GoF). Other significant local sources are the towns of Helsinki, Kotka, Narva, and Tallin. The circulation in the GoF carries parts of the plastic pollutants out into the Baltic Proper. In the western Baltic Sea, Stockholm is a major source for microplastics. In the northern Baltic Sea, the Bay of Bothnia, Kemi, and Pori are two towns with significant river sources. That far north, biofilm growth is limited seasonally to the summer month.

Pollutant patterns near the seabed are affected by the release and transport of microplastics near the surface. High concentrations occur near the coast, in relatively shallow water and in the central Baltic Sea at Gothland Deep. While coastal patterns in shallow waters near the seabed are generated by the sinking or downwards mixing of surface concentration patterns, the generation of offshore patterns in the central Baltic Sea is mainly driven by water transport. The concentrations are therefore lower in the central Baltic Sea than they are in the coastal waters. Deeper sea transport, from the Oder banks into the Arkona Basin, around northern Bornholm and further on into the Bornholm Basin, through the Stolpe channel and into the Gothland Basin, supports the high concentration pattern in the central Baltic Sea. Tire wear microplastics MP1 follow this path more clearly, as can be seen in Figure 7 (left). The path of transport around Bornholm is visible, as is the path of the intruding high pollutions into the Gothland deep. Household microplastics MP2 follow this path somewhat after sinking. However, their larger buoyancy enables them to stay longer afloat near the surface and to spread more efficiently horizontally. Therefore, the subsurface transport pattern of submerged MP2 microplastics is not so pronounced.




Figure 7 | Near the seabed pattern of microplastics from tire wear microplastics MP1 (A) and household microplastics MP2 (B) and MP3 (C), 6 years mean 2014–2019. Contours show the average MP1 concentrations of 10-4 g/m3 and MP2 and MP3 concentrations of 6·10-5 g/m3.






Model quality assessment and comparison of modeled and measured particle concentrations

Model product quality assessments have been carried out to estimate the model’s skill in simulating the seasonal dynamic and spatial pattern of marine microplastic pollution. A direct comparison of the modeled and observed concentrations is difficult, as technical limitations and sampling errors lead to relatively high uncertainties in the observations, and models, on the other hand, are challenged to reproduce the observed microplastic size and density spectrum. Most of the microplastic observations in the Baltic Sea were measured by using filters with a mesh size of approximately 300 µm (She et al., 2022). Therefore, the observations include particles and fragments with a size range from 300 µm to 5 mm, made of materials with a variety of densities. The model uses a source term for the land-based discharge of a large and buoyant fraction of microplastics with a specific density of 965 kg/m3 and a size of 300 µm, added to represent measured particles with a size corresponding to the 300-µm mesh size. This makes it difficult to validate the model results by using existing observations. Therefore, we limit ourselves to the comparison of spatial and temporal patterns, focusing on the observed features and their representation by the model.

A recent study (She et al., 2022) has shown that existing observation products have several limitations thatsw4 should be taken into account when comparing model and observation data. The first is that, due to different monitoring standards used, different datasets may not be consistent. Microplastic concentration observations are more consistent in a single dataset than the multiple datasets, suggesting that using single dataset for model-observation intercomparison will reduce uncertainties comparing with blending multiple datasets. With this in mind, we select the eastern Baltic Sea as the study area, which has best spatiotemporal coverage of microplastic observations. The second is that the mean relative sampling error of microplastic samples is approximately 40%–56%, which means that even taking replicate samples they still show high uncertainty. The lack of surface flow correction will lead to additional 12% uncertainties. In addition, there also exist errors in analysis methods that can be high in some occasions (She et al., 2022). These results suggest that individual observations can have large uncertainties and may not be suitable for direct comparison with model data. With this in mind, we try to avoid a direct comparison of individual observations but focus on intercomparing some aggregated indexes, e.g., temporal mean for subregions and the mean values of individual cruises. It was also identified in She et al. (2022) that microplastic fiber observations may not be reliable due to its potential leakage from the filters; therefore, are not good for microplastic model validation. For this reason, we have focused the assessment on fragments alone.

Microplastic observations provide information about the number of particles per sampled volume of water, i.e., numerical particle concentration, whereas the outcomes of model simulations are microplastic mass concentrations in a unit of mass per unit volume. The conversion from the measured particle concentrations to modeled mass concentrations is unfortunately not trivial because the size of the observed particles is not available from the observation database. The only information of the size range is provided by the mesh size: 330–333 µm and the microplastic size limit of 5 mm. This provides a rather large uncertainty. We have chosen to use a standard particle size of 500 µm when converting the modeled mass concentrations to the numerical particle concentrations so that the modeled numerical particle concentration is at a similar concentration level as in the observation data. It is also reasonable to assume that the average particle size in the observation database is larger than the mesh size (330–333 µm), which only provides a minimum size limit.


Data sets

The model-observation intercomparison exercise uses data sources from (a) HELCOM and available publications, as well as (b) cruise data (Manta Net observations) that have been collected during the CLAIM project. Measurements using pumps have been removed from data sets. The model evaluation is limited by the availability of observation data sets, which makes it difficult to assess the model quality on spatial and temporal scales separately. We have therefore decided to do spatiotemporal assessments of the model–observation correlation coefficient by including all available data sets, sorted according to location. Furthermore, the best coverage of the data set is in the GoF and Estonian waters. We have therefore limited the assessment of correlation pattern to the GoF and the seas around Estonia.

The model–observation intercomparison area covers Latvia and Estonian waters in the GoF, Gulf of Riga (GoR), and open Eastern Baltic Sea. The GoF and GoR are connected by the Suur Strait (Figure 1). Three observation datasets are used: (a) a trawl dataset in Estonian waters made by the Tallin Technical University (TalTech; Mishra et al., 2022), (b) a trawl dataset in Latvian waters made by the Latvian Institute of Aquaculture and Ecology (LIAE; Aigars et al., 2021), and (c) a ferrybox dataset in southwestern GoF, provided by the CLAIM project. The spatial distribution of the stations is displayed in Figure 1.


Latvian institute of aquaculture and ecology data

This data set includes 43 samples from six cruises in June–September 2018 (Figures 1, 9). The data, covering southern GoR and eastern Baltic Latvian coastal and offshore waters, are publicly available from Aigars et al. (2021). The samples were collected by using manta trawling with a mesh size of 300 µm and analyzed with the Fourier-transform infrared spectroscopy (FTIR) method. Most of the stations only have one sample. More details of this data set can be obtained from Aigars et al. (2021).



TalTech data

This data set was collected during April 2016–August 2020, mainly during the summer half-year. The monitoring was carried out using the research vessel Salme with a manta trawl with a mesh size of 330 µm in a geographical area (20.9–28.0°E, 57.6–59.9°N) including southern GoF, Suur Strait, northern GoR, and Northern Baltic Proper (NBP) (Figure 1). In total, there are 14 stations and 121 valid samples (Table 2), which were analyzed with a visual and burning needle examination. More details on the TalTech dataset can be found in Mishra et al. (2022).


Table 2 | The coverage and number of samples in the TalTech data set during April 2016–August 2020.



Some preprocessing of the data has been made to improve the homogeneity of the TalTech data. For 2017, three replicate samples are collected at each of the seven stations. The replicate samples are averaged before they are used in the analysis. Hence, the total number of TalTech reprocessed data is 106. In order to reduce the uncertainty in individual observations, we decided to group the 14 stations into six subregions, i.e., NBP, Suur Strait, northern GoR, southwestern GoF coastal waters, southern GoF offshore, and southeastern GoF coastal water (Table 2). The sample size per subregion ranges from 13 to 33, which makes the temporal mean of the subregions more representable.

Ferrybox data: CLAIM ferrybox data have been collected during two cruises in Estonian waters near the entrance to the GoF. All the cruises started in Tallinn, but only the earlier cruise stayed in coastal waters, going from Tallinn to the most western point of Hiiumaa island (Figure 1). The later cruises started in Tallinn but went to locations further offshore before starting the monitoring. The monitoring periods, 30.11.2020–01.12.2020 and 30.06.2021–01.07.2021, are not covered by the time period of the model data (2014–2019). Therefore, the model data have been extracted from a monthly mean climatology that has been derived from the 6-year model data set. It is expected that this adds to the model errors as the model data set does not reflect the metocean conditions that were present at the time of the observation.

The comparison between the model and ferrybox data is particular with regard to the fact that the duration and spatial extent of the cruise have to be taken into consideration. The model data were therefore averaged along the estimated track of the cruise, which has been estimated from the start and end location of the cruise. We extracted model data at three points, the start and end location of the monitoring, as well as a location in between. These values were averaged and compared to the observations, which represent the average state of microplastics for the entire cruise.




Spatiotemporal correlation analysis

Correlation analysis studies the degree to which a tendency in one data set (model data) is statistically related to a tendency in another data set (observations). Since the analyzed data sets are spatially and temporally distributed, these tendencies can relate to a spatial pattern: coastal-to-offshore transport, or a temporal pattern, representing the annual, seasonal, or diurnal variability in the data set. The correlation analysis is conducted for LIAE and TalTech datasets separately, using observed and modeled particle concentrations. The model concentrations have been derived from the outputted mass concentrations using an average particle size of 500 μm to calculate the mass of each particle.

The scatter diagram of modeled and observed values is shown in Figure 8. For the LIAE data, most of the observed microplastic fragment concentrations are lower than 0.4 pcs/m3 while the model concentrations are higher than 0.3 pcs/m3 and show less variability. Further analysis suggests that there is no significant correlation between the two data sets. This may be attributed to the lack of temporal sampling at the LIAE stations and a large uncertainty of individual samples due to sampling errors and missing surface flow correction. Surface flow correction accounts for the currents and wave-induced flow of water through the measuring device that is not accounted for when only the towing speed is considered in the calculation of the water volume.




Figure 8 | Scatter plot, i.e., a model–observation diagram, for the LIAE data set in June–September 2018 (A) and TalTech data set in 2016–2020 (B).



For the TalTech data, the observed concentration of microplastic fragments varies between 0 and 3.0 pcs/m3 while the simulated data ranges from 0 to 1.3 pcs/m3. The percentage of samples with concentrations of microplastic fragments below 1 pcs/m3 is 92%. Since the sampling period of the TalTech data covers the years 2016–2020, the correlation analysis represents the spatial and temporal relationship between the model and observed microplastic fragment concentration. The results show a correlation coefficient of 0.269, with a P-value of 0.005. If the data with observed microplastic concentrations larger than 1 pcs/m3 are removed, the correlation coefficient increases to 0.355 and the P-value decreases to 0.00035. Both correlations are significant at p< 0.01.



Spatial pattern

Spatial pattern analysis provides insight about the quality of the model and its ability to reproduce spatial features of the observed microplastic distribution. The spatial distribution of the mean microplastic fragment concentration from the model and observations and bias and centered Root Mean Square Error (cRMSE) are displayed in Figure 9. It should be noted that all three datasets are used, although the number of samples are quite different. The concentration values at TalTech stations represent a temporal mean, while those at LIAE stations and from the ferrybox contain both spatial and temporal (month by month) variability (Figs. 9A and 9B).




Figure 9 | Left: Mean microplastic particle concentrations: Observed pattern (A) and modeled pattern (B). Right: Model error statistics for TalTech data sets: Bias (C) and centered RMSE (D). LIAE cruise data have been added in (A) and (B) but have not been used in the error analysis because of low statistical significance.



Figure 9A shows the observed spatial distribution of microplastic fragment concentration in the eastern Baltic Sea. In the Estonian waters, microplastic fragment concentrations are the highest in the NBP and southwestern GoF and the lowest in the Suur Strait and northern GoR. Ferrybox data show that, near the entrance of the GoF, the offshore winter concentration is higher than the coastal summer concentration. LIAE cruise data show higher values in western Latvian offshore, the entrance of GoR, and areas downstream the Daugava estuary. Near cities and coastal sources, at Tallin, Narva, and Riga (Daugava), the microplastic concentrations are consistently higher than the concentrations further offshore, except in areas that are affected by microplastic transport: the offshore locations in the GoF, for example.

The simulated spatial distribution (Figure 9B) also shows high concentrations in the NBP and southwestern GoF and low concentrations in the Suur Strait and northern GoR. However, the model data have the highest concentration in southeastern GoF, mainly affected by the Neva and Narva. The model data show a similar pattern when compared with ferrybox data and LIAE data. The comparison of spatial distribution in TalTech data can be further illustrated by using the subregional mean concentration (Figure 10). The analysis for the subregions shows that the NBP is the area with the highest mean observed concentration (0.42 pcs/m3), whereas the lowest observed concentrations are found in Suur Strait (0.08 pcs/m3). In the NE-GoR, including a station near Pärnu, the concentrations increase to 0.17 pcs/m3. Further to the North, in the GoF, the observed concentrations increase toward the Tallin coast (0.39 pcs/m3) and offshore (0.37 pcs/m3) and decrease toward Narva (SE-GoF) (0.27 pcs/m3). The model is able to reproduce the general features of the observed spatial pattern except for observed lows in the Narva area. The correlation between the averaged model and observation data sets for subregions is 0.81, with a P-value 0.051. In the GoF, the west-eastern trend is reversed, showing an increase of modeled concentrations from 0.64 pcs/m3 at Tallin coast to 0.75 pcs/m3 at Tallin offshore and Narva (SE-GoF). To analyze this further, the model bias and the cRMSE, the root-mean-square error (RMSE) of the debiased data sets, are analyzed in more detail (Figs. 9C and 9D). cRMSE represents the errors originating from the sample spread of model-observation differences and is therefore affected by individual sampling and model errors, especially when the sample size is small. Model error statistics, in particular the model biases, are affected by the conversion from modeled mass concentrations to measured particle concentrations.




Figure 10 | Comparison of modeled (red) and observed (blue) data sets from TalTech in Estonia. Regional averages are shown as solid lines, whereas individual observations and model data points are presented as red and blue dots.



The simulated spatial distribution (Figure 9B) also shows high concentrations in the NBP and southwestern GoF, and low concentrations in the Suur Strait and northern GoR. However, the model data have the highest concentration in southeastern GoF, mainly affected by the Neva and Narva. The model data show a similar pattern when compared with ferrybox data and LIAE data. The comparison of spatial distribution in TalTech data can be further illustrated by using subregional mean concentration (Figure 10). The analysis for the subregions shows that the NBP is the area with the highest mean observed concentration of 0.42 pcs/m3, whereas the lowest observed concentrations are found in Suur Strait 0.08 pcs/m3. In the NE-GoR, including a station near Pärnu, the concentrations increase to 0.17 pcs/m3. Further to the North, in the GoF, the observed concentrations increase toward Tallin coast 0.39 pcs/m3 and offshore 0.37 pcs/m3 and decrease toward Narva (SE-GoF) 0.27 pcs/m3. The model is able to reproduce the general features of the observed spatial pattern except for observed lows in the Narva area. The correlation between the averaged model and observation data sets for subregions is 0.81, with a P-value of 0.051. In the GoF, the west-eastern trend is reversed, showing an increase of modeled concentrations from 0.64 pcs/m3 at Tallin coast to 0.75 pcs/m3 at Tallin offshore and Narva (SE-GoF). To analyze this further, the model bias and the cRMSE, the root-mean-square error (RMSE) of the debiased data sets, are analyzed in more detail (Figs. 9C and 9D). cRMSE represents the errors originating from sample spread of model-observation differences, and is therefore affected by individual sampling and model errors, especially when the sample size is small. Model error statistics, in particular the model biases, are affected by the conversion from modeled mass concentrations to measured particle concentrations.

Near Tallin coast, in the southern Gulf of Finland (GoF), the cRMSE value is relatively large 0.37 pcs/m3, whereas the bias is 0.25 pcs/m3. Here, near the harbor, the variability across different samples is relatively high. The model cannot represent this. Further to the east, at Narva in the SE-GoF, the cRMSE is relatively low 0.24 pcs/m3, whereas the bias is larger 0.47 pcs/m3, indicating larger systematic differences between modeled and observed values. This might be due to an overestimation of the microplastic sources released by the Narva (river). The model biases in the Gulf of Finland near Narva (SE-GoF) are the highest in the entire study area. The second highest bias of 0.38 pcs/m3 occurs west of Narva, at Tallinn offshore station. Offshore transport with westerly currents from Narva station in the SE-GoF might affect the bias at the Tallin offshore station. The cRMSE 0.39 pcs/m3 is of the same size as the model bias, which indicates that the variability across samples is relatively large. The overestimation of riverine inputs of microplastic at Narva and the westwards transport of microplastics might be the reason why the model simulations show an increase of microplastic concentrations towards the east, from Tallin coast to Tallin offshore and SE-GoF (Figure 10), whereas the observed values are decreasing, along the southern side of the Gulf of Finland.



Seasonal variability

The seasonal pattern analysis provides an overview over the model’s ability to reproduce the seasonal dynamic in the Baltic Sea, controlled by river runoff and microplastic discharge as well as the seasonality of microplastic removal processes: biofouling, sinking, and sedimentation. For Estonian waters, an intercomparison of the monthly mean microplastic concentration of modeled and measured fragments is performed. Observations show a decrease of the microplastic fragment concentration from April to August and then an increase to September and October (Figure 11). The model data show a similar feature from April to September. However, the modeled concentration in October is lower than the one that is observed.




Figure 11 | Comparison of observed (blue) and modeled (red) data sets from TalTech in Estonia (A) and from LIAE in Latvia (B). Monthly averages (left) and cruise averages (right) are shown as solid lines and bars, whereas individual observations and model data points are presented as red and blue dots.



For Latvia waters, an intercomparison was performed for the cruise mean microplastic fragment concentration, representing an averaged condition in the cruise-observed areas. Since the six cruises represent sampling from mid-June to late September in 2016, the comparison shows the model’s capacity on reproducing the microplastic variability in summer. The results show a similar pattern of temporal variation in summer 2018 between the model and observations: an increase of microplastic concentration from mid- to end of June, followed by a decrease to mid-July, an intermediate increase of modeled concentrations in the second half of July (cruise 4 in Figure 9) and a continuous decrease from August to September (Figure 11A). Cruise 4 in the second half of July extends offshore into the NBP. The P-value of the Pearson correlation test is 0.0145, which means that the correlation between the model and observed cruise means that the microplastic fragment concentration is significant at p< 0.05. It also means that the model is able to reconstruct a large part of the temporal variability of the mean microplastic condition in summer 2018 in the monitored areas.




Conclusions and discussions

In this work, a Eulerian model for the simulation of 3D transport and fate of microplastics in the marine environment has been introduced and assessed for the Baltic Sea. The model describes the wave- and current-induced transport of microplastics as well as the removal of microplastics through biofouling, sinking, and sedimentation processes. A multiyear model simulation in 2014–2019 was carried out, covering the entire Baltic Sea with an eddy-permitting resolution of 926 m to assess the spatial and seasonal pattern of microplastic pollution and to compare the model results with observations. Three categories of microplastic particles were considered: (1) small-sized particles with a diameter of 5 µm and density heavier than sea water, representing tire wear microplastics, (2) medium-sized particles with a diameter of 42 µm and density lighter than sea water, representing a majority of microplastic particles released from WWTPs, and (3) large-sized particles with a diameter of 300 µm and a density lighter than sea water, representing the large particle fraction released from WWTPs.

The model’s ability to reproduce the spatial pattern and the seasonal variability of observed microplastic pollution has been assessed for the large particle fraction. Since the model output is not exactly the same as the microplastic observations, a strict model validation is not possible in this paper. Only a model-observation intercomparison has been performed. It should be kept in mind that there are significant uncertainties in the individual observations, including 40%–56% sampling error, 12% surface flow correction error, and analysis error as shown in She et al. (2022). Statistically significant correlation was calculated for the modeled and observed TalTech data sets in 2016–2020. The results show that the model tends to be less good at simulating very high concentrations of microplastics than at simulating normal concentrations. The high microplastic concentration may be caused by flooding events near the shore or by submesoscale activities offshore, which require a higher model resolution and synoptic source information to be resolved.

Spatial patterns of modeled and observed distributions were analyzed for subregions, by grouping the data sets spatially to obtain more samples and to reduce the uncertainty of the intercomparison. The model is well able to reproduce the observed spatial pattern in the TalTech data set in the northern Baltic Proper, northern GoR, Suur Strait, and southwest GoF coastal waters. The coastal-offshore differences in the southwestern GoF, as observed by the ferrybox data, can also be simulated by the model. This suggests that model has a close-to-reality hydrodynamics, biofouling, and sedimentation in this part of the region. However, the discrepancy in the southeastern GoF coastal and offshore waters between the model and TalTech data suggests that improved circulation pattern in the eastern GoF and a better representation of the sources at Narva and the impacts of the Neva may be considered in more detail in the future studies.

The model is able to reconstruct the seasonal variability in summer months in both Latvian and Estonian waters. This suggests that the applied biofouling parameterization partially reflects the actual situation. The high microplastic concentration in October in Estonian waters is missed in the model data. One reason could be that the implemented biofilm growth model does not include processes such as grazing that remove biofilm from the particle surface. It is also noted that October is a month with peak activity on sub-mesoscale in this region (Karimova and Gade, 2015). The model setup in this study is too coarse to resolve submesoscales, which may be one of the reasons for the lower model skill in October.

Long-term simulations with constant microplastic concentrations in rivers have shown that the model converges to a seasonal quasi-equilibrium state in a weak sense, with removal processes balancing the coastal inputs into the Baltic Sea after an approximately 3.5-year spin-up, although a slight long-term trend still exists. The model has been tuned to reproduce the seasonal variability of microplastic in the Baltic Sea, the result of current- and wave-induced transport processes, mixing, and the seasonal dynamic of biofilm growth. A series of 3.5-year spin-up runs was performed to tune the removal processes of biofouling, sinking, and sedimentation. The tuning aimed at a stable seasonal cycle and a small (if not zero) long-term trend. There exist different results from monitoring data on the interannual variability of microplastic concentrations. Beer et al. (2018) found that the vertically integrated microplastic concentration have been “stationary” in the past 25 years in the Bornholm Basin, while a recent study showed that microplastic concentration in Estonian waters has decreased from year 2016 to year 2020 (Mishra et al., 2022). Further research, both from observation and modeling sides, is needed in order to identify the interannual variability of the microplastics in the sea.

Systematic microplastic transport assessments have been carried out to study the fate of microplastics at sea using the multiyear simulations. High concentrations were found near the surface in the vicinity of major coastal sources: large rivers, towns, and coastal outlets, particularly near WWTP, especially in metropolitan areas and other heavily populated regions. The entire Baltic Sea receives land-based microplastics from rivers and coastal catchments. In the southern and central Baltic Sea, the cyclonic circulation pattern spreads the plastic pollutants from main rivers: e.g., Oder and Vistula, and transports them along the shores of Poland, Lithuania, Latvia, and Estonia, eastwards and northwards to the sub-basins of the GoR, the GoF, and the Bay of Bothnia. Other heavy pollution patterns are found near major towns: e.g., Saint Petersburg, Helsinki, and Stockholm.

Offshore transport and sinking lead to the accumulation of microplastics in the deeper basins, mainly Bornholm Deep and Gothland Deep. Microplastics from major rivers in the southern Baltic Sea, Oder and Vistula, are gathered in the Bornholm Basin and are carried further into the Gothland Deep and further on into the GoF and the Bay of Bothnia. Household microplastics spread horizontally and settle onto the sediments in the biofilm growth season. First, it reaches the shallows, but, over time, it also fills the deeper basins. The annual cycle of river runoff and biofilm growth controls the modeled seasonality of seaborne microplastic pollution.

There are relatively large approximations in the implementations of modeling processes, and the specification of the land-based sources is simplified for the modeling study. The estimates for the amount of misused microplastics vary largely across different assessments. The cleaning capacities of WWTP needs to be taken into consideration to derive results adequate for detailed assessments. Another factor is the modeled size spectrum of microplastics, which reflects the average values obtained from bulk measurements in the effluents of WWTP and cannot represent the variability of microplastics in the marine environment. A broader spectrum of household microplastics with larger average sizes would better represent the observed particle concentrations in the ocean.

Uncertainties related to microplastic modeling are largely related to the implementation of biofouling, sedimentation/resuspension, and fragmentation processes. Household microplastics are introduced to the sea without a biofilm shell, which leads to somewhat-enhanced spreading while in their floating stage. High-resolution modeling on the estuary scale has shown that the modeling of biofouling and retention in rivers and estuaries can improve this (Frishfelds et al., 2022). Implementing an advanced biofilm growth model like in Kooi et al. (2014) should further advance this. The resuspension of microplastics in the sediment and fragmentation of macroplastics provide additional sources that have not been considered yet. Despite its shortcomings, the microplastic transport model and source mapping data set have been proven to provide a realistic drift pattern that can be used for the study of pathways of microplastic pollution.
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