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Introduction

Floating marine litter (FML) is a global problem with significant risks to marine life and human health. In semi-enclosed basins like the Black Sea, slow water replenishment and strong input from European rivers create conditions that can lead to the accumulation of FML. This study aims to validate and utilize an FML dispersion and accumulation numerical model. Additionally, it assesses the influence of Stokes drift on the accumulation patterns of marine litter in the Black Sea, focusing on the contribution from the main river discharge points.





Methods

Numerical Lagrangian modeling adapted to the regional domain in the Black Sea was employed to simulate the dispersion and accumulation of FML. Three scenarios were conducted: two involved homogeneous particle release, one considering Stokes drift, and the other excluding it. The third scenario involved particle release from the nine main river basins.





Results

The southwest coast of the Black Sea exhibited a high density of FML in all scenarios. This finding is likely attributed to the cyclonic circulation, significant FML input from the Danube River, and other northern rivers. Notably, the consideration of Stokes drift significantly impacted the residence time of particles in offshore waters and the percentage of particles washing up on the shore. Including Stokes drift increased the percentage of beached particles from 45.5% to 75.5% and reduced the average residence time from 99 to 63 days. These results align with recent literature, which emphasizes the importance of accounting for Stokes drift to avoid overestimating residence times.





Discussion

The model's findings provide valuable insights into FML accumulation patterns in the Black Sea. The eastern region near the Georgian coast and the northwestern Black Sea were identified as high-density areas, corroborated by observational data. This research underscores the significance of considering Stokes drift when modeling FML transport, particularly concerning marine litter accumulation and potential impacts on coastal regions.
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1 Introduction

Floating marine litter (FML) has become a significant concern for the scientific community due to its potential to cause socio-economic problems, endanger marine life and human health. The Black Sea has particular characteristics that make it susceptible to the accumulation of FML, including slow water replenishment, a strong input from large trans boundary rivers, and high population density in coastal areas, especially during summer when the tourist season is at its peak (BSC, 2007; BSC, 2019; Aytan et al., 2020).

Rivers are assumed to be largely responsible for the transport of a significant amount of land-based waste to the Black Sea. This is particularly relevant because the Black Sea is the final destination of four out of the ten major European rivers: the Danube, Don, Dniester, and Dnieper (Lazăr, 2021). The annual freshwater inflow to the Black Sea via rivers is estimated at around 400 km3. Among these rivers, the Danube River stands out as the most significant contributor, accounting for an estimated inflow of 200 km3 per year. Unfortunately, the Danube River also carries a considerable amount of waste to the Black Sea, with an estimated annual transportation of about 1533 tonnes of litter (Lechner et al., 2014). Moreover, in the northeastern part of the Black Sea, Pogojeva et al. (2023) established a relation between river discharge rate and litter flux based on long-term monitoring at the inflowing rivers.

Recent research has established a baseline for the magnitude of FML in the Black Sea. For instance, Strokal et al. (2022) used a basin model to estimate that approximately 2.6 kt of microplastics were exported by rivers in 2010, with a projected increase to 2.8 kt by 2050 assuming low population growth, moderate economic development, and high urbanization rates. Furthermore, González-Fernández et al. (2022) found that particle density per km2 in the Black Sea was three times higher than the average values observed in the Mediterranean Sea. These findings contribute to a growing body of research in the last decade, which has provided more data regarding the counting, classification, and analysis of the distribution of marine litter along the coastal zones of the Black Sea Berov and Klayn (2020); Chuturkova and Simeonova (2021); Simeonova and Chuturkova (2019; 2020); Topçu et al. (2013); Simeonova et al. (2017).

The use of numerical models to study the FML dispersion has also contributed significantly to the understanding of the movement, trajectories and fate of FML in the Black Sea. Lagrangian models complemented with hydrodynamic models allow a close approximation in two ways. While Lagrangian models focus on the particles and their individual motions, hydrodynamic models allow replication of the surface circulation structures in the Black Sea at the basin and sub-basin scale (Stanev, 2005; Gunduz et al., 2020; Bouzaiene et al., 2021).

The Black Sea is characterized by mainly cyclonic surface circulation, featuring a distinct coastal circuit known as the Rim Current (Figure 1). This circuit contains two cyclonic gyres located in the eastern and western parts of the Black Sea. Due to the Rim Current’s sensitivity to wind forcing, it exhibits interannual and seasonal variability reflected in the behavior of eddies that have been observed to develop between the Rim Current and the coast (Stanev, 2005; Kubryakov and Stanichny, 2015). Understanding these mesoscale and sub-mesoscale features, such as currents and fronts, through numerical models is crucial because they play a significant role in the physical transport of matter in the ocean, particularly in the accumulation of marine litter (van Sebille et al., 2020).




Figure 1 | Map of the Black Sea with location of major rivers, North Western Shelf (NWS), the 200 m isobath (black dotted line), cyclonic gyres (white) and anticyclonic eddies (yellow). Made with data from Natural Earth and GEBCO, both licensed under Public Domain.



The results of FML numerical models, however, have sparked debate on how they should be configured to accurately replicate trajectories, particularly regarding the inclusion of wave effects through Stokes drift. Stokes drift is the net drift velocity experienced by a particle in the direction of wave propagation and is described as the difference between the mean Lagrangian velocity and Eulerian velocity of the fluid at the same depth (van den Bremer and Breivik, 2018). Previous studies suggest that the impact of Stokes drift on the transport and accumulation of FML may be prevalent under certain seasonal conditions and depending on the size scale of the floating elements, as well as the region being studied (Isobe et al., 2014; Iwasaki et al., 2017; Onink et al., 2019). More recently, Bosi et al. (2021) concluded that the inclusion of Stokes drift is necessary in particle tracking models of FML to avoid overestimating its residence time.

In the Black Sea, simulations have been conducted with and without the inclusion of Stokes drift. Miladinova et al. (2020) argued that the contribution of surface currents plays a more critical role in the accumulation of FML and therefore the inclusion of Stokes drift can be omitted in small element modeling. However, other simulations, such as those conducted by Stanev and Ricker (2019), have included Stokes drift and have found a clear linkage with FML accumulation on the southern coast. Both studies presented substantial differences in residence time, with an average beaching time of 200 days for simulations that did not include Stokes drift and 20 days with Stokes drift.

In a study conducted by Korshenko et al. (2020) in the coastal areas of the northeastern Black Sea, the discharge of floating marine litter (FML) from rivers was simulated. The results showed that approximately 46% of the discharged particles were washed ashore due to the influence of Stokes drift, while only 3.6% were observed without considering Stokes drift in the simulations. This finding indicates that surface wave-induced Stokes drift plays a significant role in the coastal pollution of FML, surpassing the impact of coastal currents.

There have also been discrepancies in the results regarding accumulation zones of FML. Miladinova et al. (2020) identified a retention zone in the western gyre during summer that moves to the east during winter, as well as a stable retention zone on the southwest coast that persists under different modeling conditions. In contrast, Stanev and Ricker (2019) research did not identify evidence of accumulation in open waters in their simulation for one year but they identified high concentrations of FML along the west and south coasts. Additionally, the data compiled by González-Fernández et al. (2022) show a high accumulation zone in open waters in the eastern basin, Odessa port, and northeastern zones. It is worth noting that the last study is limited by the lack of data in the southern and western zones of the Black Sea.

Other recent Lagrangian models applied more locally in the Black Sea have shown that the formation of circulation microstructures in coastal areas (Demetrashvili et al., 2022) and the seasonal variability of rivers (Yazir et al., 2022) are determinants of FML distribution patterns.

It is therefore suggested that there is a need for a more accurate model that can account for a wider range of processes affecting the spread of FML, particularly in coastal zones. Processes such as “beaching” or stranding, which refer to the interaction of FML with the shoreline, are relevant for identifying hot spots and developing strategies to clean up and mitigate the impact of FML pollution. As more data and research become available, it will be important to continue refining numerical models to improve predictions and develop effective solutions.

In this study, we use a numerical model of FML with a coastal emphasis to predict its transport in the Black Sea. Additionally, we evaluate the degree of agreement between our model predictions and the measurements and results reported by other authors. Dispersion and accumulation predictions with a basin model (Strokal et al., 2022) are performed to study the fate of the FML discharged by main rivers. Our objective is to bring a new perspective to current knowledge and to explore the hypothesis that Stokes drift plays a crucial role in the modeling of FML in the Black Sea. By doing so, we aim to contribute to a better understanding of the mechanisms that control the transport of FML in this region and provide valuable information for the development of effective management strategies. The paper is structured as follows: first, we present the marine litter model, the data used, and the methodology for validation and comparison experiments. This is followed by an analysis of results and discussion, and, finally, the conclusions are presented.




2 Materials and methods

This study utilized a coastal marine litter model known as LOCATE, which leverages OceanParcels (Delandmeter and van Sebille, 2019; van Sebille et al., 2020) as a Lagrangian solver. The model was developed by integrating Eulerian hydrodynamic data and Lagrangian simulations of marine litter particles. The main additional feature of LOCATE is that was developed to simulate specifically the motion and accumulation of litter particles in coastal areas, adapting to the use of nested grids of varying spatial scales and resolutions to account for coastal processes, and incorporating special modules like the beaching module. This model has been developed under the project of the same name (LOCATE: Prediction of pLastic hOt-spots in Coastal regions using sATellite derived plastic detection, cleaning data and numErical simulations in a coupled system) as a forecast and monitoring tool for areas of high accumulation of FML and consequently to improve regional management of FML in coastal areas. LOCATE has been applied on the coasts of the Mediterranean Sea (Trecchi, 2021; Hernandez et al., 2022), allowing the study of relevant processes in FML transport, such as beaching or ageing, that are still poorly understood. The adaptability of this model enables its use in various regions around the world, including the Black Sea basin.



2.1 Hydrodynamic numerical models

The configuration of LOCATE for the Black Sea is proposed with operational model data obtained from Copernicus Marine Service (CMEMS) developed for the Black Sea regional domain, and for this study, we only considered surface velocities. The hydrodynamic information is taken with a daily time resolution from the circulation model NEMO, v3.6 at 1/36° x 1/27° horizontal resolution. In terms of river runoff, a monthly climatological mean estimate is utilized as the inflow data. The circulation model NEMO takes into account a total of 72 rivers, including major ones (Lima et al., 2020). The Stokes drift data from the spectral wave model WAM Cycle 6 with a resolution of 1/36° x 1/27° and hourly time resolution (Staneva et al., 2022).




2.2 Lagrangian particles simulation

The OceanParcels Lagrangian solver allows LOCATE to simulate the motion of virtual plastic particles in space and time, based on the fundamental concept of applying the advection equation (van Sebille et al., 2018), which can be rewritten as a pathway equation after integrating both sides:

 

where   is the three-dimensional position of a virtual plastic particle in space, t is the time and u() is the three-dimensional Eulerian flow velocity field, which includes the net current velocity and a wave induced drift. The location of a plastic particle at time   depends on both the initial three-dimensional position of the particle and the velocity field  . The time evolution of a trajectory advected is solved numerically by a 4th order Runge-Kutta scheme. Note that   is, by definition, a mean current and does not account for the particle dispersion induced by diffusivity at smaller temporal scales.

Therefore, diffusivity processes are incorporated into the model as stochastic and random displacement of particle positions as a function of the local eddy diffusivity (van Sebille et al., 2018). The time evolution of a stochastic process is solved by a stochastic differential equation (SDE), which includes the diffusivity tensor as a three-dimensional tensor incorporating the ocean/coastal diffusivity in the three-dimensional space. However, in OceanParcels only horizontal diffusivity vector can be simulated. We established the diffusivity parameter as a constant and then SDE can be simplified and integrated as:

 

where   is a random process representing subgrid motion with a zero mean and variance   =1/3,   is the horizontal diffusion coefficient time and space invariant.

The value of   is set to   on the basis of the order of magnitude estimated from the literature on zonal and meridional absolute dispersion for the Black Sea (Bouzaiene et al., 2021; Ciliberti et al., 2022) and a previous sensitivity analysis concerning the standard deviations of the resulting trajectories at different values of  . Additionally, in order to identify and quantify the number of particles that reach the coast, including their stranding locations and arrival time, LOCATE incorporates the beaching module. This module detects the land-water boundary and updates the particle beached variable from 0 (indicating particles not beached) to 1 (indicating particles beached) when particles are deemed to have crossed the boundary. Subsequently, these beached particles are eliminated from the simulation, and their timestamp and coordinates are recorded for further analysis. It is worth noting that the consideration of particle re-suspension is not included.

As mentioned above, the particles used in this study are virtual tracers that do not possess mass, size, shape, or buoyancy. They are advected using surface flow field data of the Black Sea. In this assumption, no inertia is evaluated in their trajectories. It is important to note that by not considering mass or inertia, we do not account for processes such as degradation, fragmentation, clustering, or sinking that may influence the final amount and distribution of litter.

However, the use of Lagrangian models with virtual particles is a practical approach aimed at providing insights into the general patterns and most affected areas of litter dispersion. While the inherent properties and processes associated with litter, such as degradation and sinking, are beyond the scope of this study, it still offers valuable information about the overall behavior and distribution of litter in the Black Sea.




2.3 Model validation

The validation of a Lagrangian model such as LOCATE requires real dispersion data and final trajectories of elements moving on the surface in order to compare the reliability of the model. For this reason, it was decided to use data from drifters launched on the surface of the Black Sea. The dataset used (OGS - National Institute of Oceanography and Applied Geophysics Database) was taken by 5 satellite-tracked drifters deployed or recovered on the East Coast in 2008-2009. This zone was selected due to the previous information from literature about accumulation patterns. The type of drifters targeted are Coastal Ocean Dynamic Experiment (CODE); we discarded drifters with drogue at more than 1 m depth to exclude the influence of currents at depth and observe only the effect of surface currents and Stokes drift. The simulations were run with and without Stokes drift, releasing 100 particles every hour along the consecutive positions of the observed drifters with a prediction horizon of up to N = 72 h. The appropriate number of particles was determined after a sensitivity analysis of the standard deviation in the results of different simulations varying the number of particles.

The comparison of simulated and real trajectories was quantified through the Normalized Cumulative Lagrangian Separation (NCLS) distance and Skill Score (SS) (Liu and Weisberg, 2011). NCLS is the cumulative sum of the separation distance between simulated and observed trajectories D, weighted by the length of the observed trajectory accumulated over time L:

 

  is the forecast horizon,   is the length of the observed trajectory at time step  , and   is the separation between the observed and simulated trajectories at that time step. It is worth noting that both the separation distance   and the distance along the trajectory   in equation (3) accumulate over time. In contrast to other metrics, as the NCLS parameter is reduced, model performance improves, NCLS = 0 implies a perfect fit between observation and simulation. Meanwhile, SS is defined as follows:

 

where   is a tolerance threshold. It is a positive dimensionless number that determines the no skill criterion. In most cases, including ours, n is set to 1. However, it is possible to choose it heuristically (Sotillo et al., 2016; Révelard et al., 2021). In this metric, SS = 1 suggests that simulation and observation are exact matches.

All geodetic distances were calculated using the WGS-84 ellipsoid and the trajectory representing the results of each simulation is obtained as the average of the stochastic simulated particles. The hourly comparisons of the pairs of simulated and observed trajectories are then performed at time steps i … N, and the SS is computed as a function of N. The SS were compared at different prediction horizons (6H, 24H, 72H and 96H) and in two types -with and without Stokes drift, referred to as Stokes Drift (SD) and Non-Stokes Drift (NSD), respectively. These comparisons were made with the aim of evaluating the performance of the model over time and the differences regarding the use of Stokes drift. To determine the reliability of the model, a frequency analysis was conducted to obtain an overview of the measures of central tendency of the SS. [for more details, see (Liu and Weisberg, 2011; Révelard et al., 2021)].




2.4 Scenarios of particles input at the Black Sea

We defined two types of experiments with the aim to contrast with the results of existing Black Sea models, to assess the contribution of Stokes drift and to analyze the different accumulation patterns and their connection with the period and position of the release sites. In this regard, we selected hydrodynamic data from 2017 as they would allow us to compare our results with those of the models of Stanev and Ricker (2019); Miladinova et al. (2020) and observational data compiled by González-Fernández et al. (2022).

In the first homogeneous release scenario, our aim was to investigate the potential existence of accumulation patterns resulting solely from surface currents, seasonal behavioral variations, the identification of areas with the greatest concentration of marine litter, and the impact of incorporating Stokes drift. Furthermore, in the second, more realistic scenario, we conducted a particle release from the primary rivers using predictions from a river basin model (Strokal et al., 2022) to ascertain the direction, distribution, and ultimate fate of the released litter.



2.4.1 Homogeneous release

The initial simulation scenario involved the homogeneous release of 917 particles, which were uniformly distributed by placing one particle every seven nodes of the hydrodynamic data grid, thereby creating a grid with an approximate horizontal spatial resolution of 18 km (see Figure 2). The particle release took place at the beginning of each month over the course of 2017. Two distinct simulation types were conducted, one incorporating Stokes drift (SD) and the other excluding it (NSD), both with the beaching module activated.




Figure 2 | Graphical illustration of the simulation points used in the Black Sea particulate input scenarios. (A) Points distributed every 18 km ca. for the simulation case with homogeneous release. (B) Nine selected points with debris discharge from the main rivers of the Black Sea, named as follows: Dnieper-Bug (DB), Dniester (DN), Danube (DA), Sakarya (S), Kizilirmak (K), Yesilirmak (Y), Çoruh (C), Rioni (R), and Don-Kuban (DK).






2.4.2 Release from rivers

The second simulation scenario entailed the release of particles from the primary rivers that flow into the Black Sea, with selection criteria based on location and flow volume. The number of particles was estimated by calculating the average monthly flow of each river according to climatological data extracted from the Global Runoff Data Center (GRDC) database and model results provided in the Strokal et al. (2022) research on riverine export of microplastics for the year 2010. Strokal et al. (2022) data show microplastics river export in kt/year. Their river information is divided into five river groups: the Danube River, the Dnieper River, the Don River, the southern rivers and a total for all rivers.

We selected the 11 main Black Sea rivers and assigned to each of the three major rivers (Danube, Dnieper and Don) the corresponding number of kt/year according to the data. On the other hand, we distributed the number of kt/year of the southern rivers among the Sakarya, Kizilirmak, Yesilirmak, Çoruh and Rioni rivers in proportion to their total annual flow. In addition, we subtracted the kt/year of the above rivers already allocated from the kt/year exported by all rivers and this value was also distributed proportionally among the Bug, Kuban and Dniester rivers. In order to define the outflow points, some rivers such as the Dnieper and the Bug were joined at a single point due to their convergence, as were the Don and the Kuban, whose outflow point was established at the exit of the Kerch Strait. The location of the points was assigned to the nearest node with available current and Stokes drift data. Thus, the 9 points finally selected are shown in Figure 2 and all data used in the Table 1.


Table 1 | Amount of plastics exported by the main Black Sea rivers (kt/year) according to Strokal et al., 2022, annual discharge data (m3/s) according to Global Runoff Data Center (GRDC) data, location of selected discharge points (longitude in °E and latitude in °N) and amount of plastic exported by each point assumed for the simulation (kt/year).



The simulation was set up with a continuous daily particle release. The number of particles was computed by the above extrapolation of the annual amount of marine litter exported for each river and the average monthly flux, further divided by the number of days in the month. This amount in kt is converted to the number of particles by setting the equivalent of one particle as 200 kg of marine litter, thus the amount of particles modeled at each point is variable depending on the seasonality and the amount of exported litter (Figure 3). It is assumed that the data provided by the Strokal et al. (2022) model can be applied as a benchmark and the modeling is carried out for the whole of 2017, under the same hydrodynamic conditions, K and with the beaching module activated as in the previous scenario.




Figure 3 | Number of particles released each month from the nine selected points, representing the amount of FML leaving each point for the simulation during the entire year 2017. This number of particles is estimated according to FML data taken from Strokal et al., 2022 and average annual discharge data taken from GRDC. Each particle represents 200 kg of FML.








3 Results



3.1 Validation of LOCATE for the Black Sea

The validation process involved a qualitative and quantitative comparison of simulated (sim) model trajectories and observed (obs) real trajectories. Figure 4 presents specific results for one of the selected drifters (drifter_3819), which was launched and recovered in the southwestern zone of the Black Sea, with a total travel time of 156 hours.




Figure 4 | Time evolution of (A) cumulative separation distance D between simulated and observed trajectories (solid lines) and observed cumulative trajectory length L (dashed lines) (in logarithmic scale), (B) SS obtained using n=1 during the validation experiment with drifter 3819, after 6 h (green lines) and 24 h (purple lines), (C) SS obtained using n=1 during the validation experiment with drifter 3819, after 72 h (aquamarine green lines) and 96 h (red lines) of simulation. The intensity represents the type of experiment, light color for experiment without Stokes drift SD and dark color for experiment with Stokes drift NSD, (D, E) Representation of the trajectories resulting from the SD and NSD simulation from the same starting point of the drifter, (F–K) Spatiotemporal distribution of the resulting SS in the trajectories of the simulations with starting points at 1 2 and 3 along the drifter trajectory.



The Skill Score (SS), which evaluates the model, is calculated through the Normalized Cumulative Lagrangian Separation (NCLS) distance. The NCLS distance is the ratio of the accumulated sum of separation distances (D) over the accumulated sum of observed trajectory length (L). Figure 4A shows D and L for simulations with Stokes drift (SD) and without Stokes drift (NSD) for time horizons of 6, 24, 72, and 96 hours. For a 6-hour time horizon, D ranges from 1 to 18 km for the SD simulation and from 0.62 to 16 km for the NSD simulation. For a 24-hour horizon, the range of D is between 10 and 158 km for the SD simulation and between 5 and 122 km for NSD. For 72 hours, the range of D is between 141 and 784 km for SD and 73 and 489 km for NSD. Finally, for the 96-hour time horizon, the range of D is between 334 and 1150 km for SD and between 179 and 844 km for NSD. Smaller values of D result in higher SS, and vice versa, as seen in Figures 4B, C for the 6 and 24-hour time horizons, and for the 72 and 96-hour horizons, respectively. The highest peaks of SS are observed in NSD simulations, while minimum values are found in some SD simulations. These results differ from the qualitative appreciation initially observed in the images when performing simulations from the drifter launch point and for the total horizon of 156 hours, in which a better fit is observed in the SD simulation (Figure 4D) than in the NSD simulation (Figure 4E).

To further explain the reasons for the differences in SS values, three simulations with different starting points along the drifter trajectory (represented as 1, 2, and 3 in the Figure 4) were selected. The average trajectory and corresponding SS for SD and NSD are shown in Figures 4F–K, respectively.

For point 1 in SD simulation, D is nearly the same magnitude as L for the 6-hour time horizon, resulting in a low SS value of 0.11 (shown in blue in Figure 4F). SS increases to above 0.5 after 24 hours and reaches a value above 0.75 after 72 and96 hours. In contrast, for NSD, the SS is established above 0.6 in the first few hours and reaches 0.75 for the subsequent 72 and 62 hours. The highest peak of SS is 0.89 at a time horizon of 72 hours (point 2) in an NSD simulation; at this point another maximum SS is also observed at 96 hours (0.86), with subsequent values of 0.82 and 0.51 for 24 and 6 hours, respectively. In this case, an excellent fit with the drifter trajectory is observed during the evaluated hours, although a clear deviation is evident at the end of the trajectory for longer time horizons (Figure 4J). On the other hand, although the trajectory of the SD simulation behaves very similarly to that of the drifter over long distances, D appears to be sufficiently high in the first 6 hours, resulting in a decreased SS value of 0.44. For 24, 72, and 48 hours, this index exceeds a value of 0.67, but as it is a cumulative calculation, the significant difference in the first hours has an effect on the subsequent SS values, as expected.

In this regard, the results for this drifter show acceptable SS values for both NSD and SD simulations, although NSD simulations achieve higher values due to lower D values in the initial hours of simulation. Consequently, the total accumulated D is much lower for longer time horizons, even though they do not fit the observed trajectory very well (Figure 4K). In other words, SD type simulations are affected by greater differences in the initial hours, although they may have better fit at longer time horizons, as observed in point 3 represented in Figure 4H for SD and 4K for NSD.

Similar results are observed in the comparison of the results of other drifters. Figure 5 shows the SS results of the average trajectory compared to all the drifters selected with simulations carried out from the point of origin. The values of SS the total simulated trajectory of the five selected drifters from their actual point of origin were between 0.49 and 0.83 for SD type simulations and between 0.60 and 0.78 for NSD type simulations. The first two drifters show a better fit in the NSD type, but conversely, the last 3 show a better fit in the SD type. However, as explained above, despite the overall good qualitative agreement, the quantitative results for drifter 3819 present a discrepancy possibly due to large differences at the beginning of the trajectory. Although these results do not categorically affirm the use of Stokes drift, its influence can be observed, especially with long time horizons.




Figure 5 | Graphical results of five drifter simulations from their points of origin and their resulting spatiotemporal distribution of SS in the trajectories of the simulations. Final Skill Score (SS) values for the total trajectory in each simulation are shown.



The final results of the SS evaluation for simulations are summarized in Figure 6 and Table 2, where the histograms for each of the time horizons and their measures of central tendency are shown. For the 6H horizon, the highest percentage of SS has low values (between 0 and 0.15) and a median of 0.267 for SD simulations and 0.363 for NSD. This trend continues for the 24H horizon, with a median of 0.518 for NSD simulations and 0.441 for SD. For the 72H and 96H horizons, the highest percentage of simulations is within the range of 0.60 and 0.75 for both SD and NSD. The median values for 72H correspond to 0.649 for NSD and 0.466 for SD; which differ very little from the medians for 96H (0.638 for NSD and 0.487 for SD). In the 96H histogram, a small percentage of SS with values greater than 0.75 can be observed, with SD being higher than NSD. The results indicate that the model presents a great sensitivity to different time horizons, showing a greater ability to predict extended time periods with acceptable SS values. This suggests that the model is suitable for predicting the motion of floating objects drifting in the Black Sea. In addition, the model’s better performance in long trajectories provides a good level of confidence in the modelling FML under real conditions, in which the travel time of an item can be higher than 72H.




Figure 6 | Histogram of Skill Score (SS) frequencies for the simulations performed for the validation of LOCATE in the Black Sea. The frequencies are provided for each time horizon (A) 6H time horizon, (B) 24H time horizon, (C) 72H time horizon and (D) 96H time horizon. The gray bars show results for NSD type simulation and the black bars for SD type simulation.




Table 2 | Measures of central tendency for the Skill Score (SS) in the model validation simulations.






3.2 Accumulation patterns in homogeneous release

The homogeneous distribution of 917 particles released each month enabled us to observe their trajectories across the Black Sea and assess the impact of circulation dynamics. The simulation results were obtained by comparing the Surface Stokes Drift (SD) simulation, which incorporates the effects of Stokes drift, with the Non-Stokes Drift (NSD) simulation, which considers only the influence of currents. Particle density, defined as the number of particles per square kilometer, was calculated to evaluate particle accumulation at various locations, and the findings are presented in Figure 7.




Figure 7 | Particle density [particles/km2] resulting at the end of each month of 2017 with the simulation made with homogeneous particle release in experiments (A) (Top figure) SD (with Stokes drift) and (B) (Bottom figure) NSD (Non-Stokes drift).



In the SD simulation, the highest density of particles, 4,911 particles/km2, was found in the southeast zone (SE) in October. The greatest density peaks (4 particles/km2) occurred in June in the southwest zone (SW) and in October in the SE. Subsequently, the months with high density values are February and August in the SW zone, with a wide high-density zone in the latter month and, in general, less dispersion in open waters and a slight accumulation trend along the entire south coast. The SE exhibited a small high-density zone in June, July, August and October. The average density value obtained in this simulation throughout the basin is 0.800, with a median of 0.749. In the NSD simulation, the maximum peak occurred in June in the SW, with a value of 3,973 particles/km2. The highest values (3 particles/km2) were observed in June, July and January in the SW. As in the SD simulation, a wider area with high particle density was found in August. The average particle density throughout the basin was 0.744, with a median of 0.727.

In May, a high-density point is observed in the south, which may be connected to the presence of the Kizilirmak Eddy. In summer, anticyclonic activity intensifies, causing the formation of eddies between the Rim current and the continental edges. The formation of the western gyre, due to the breaking of the Rim current, continues to have an effect on the zone of high particle density on the western coast, leading to accumulation points further north. Furthermore, another high-density point is observed in the north during July and August, which may be associated with the formation of the Crimean Eddy. Finally, in October, the appearance of the Sakarya Eddy in the southwest and the Batumi Eddy in the southeast becomes evident, showing high particle density points in these locations. The results indicate that some points or zones of high particle density are directly related to circulation structures; significant accumulation trends were observed with both the NSD and SD simulation types in SW, particularly during summer months, and in SE in October. However, coastal accumulation is limited with the NSD simulation type and most particles remain in open waters, drifting within the basin. In this case, the influence of Stokes drift can be highlighted in the high particle density zones present in the northern part of the basin during the months of December and January, and in the high particle density zone in the SW in October, which has been contrasted with the wave field generated in these months with velocities between 0.2 and 0.3 m/s.

To perform a global assessment of the entire simulated year and accumulation trends throughout the basin, the region was divided into four quadrants: Northwest (NW), Southwest (SW), Northeast (NE), and Southeast (SE). We selected longitude 34.685°E and latitude 43.8°N as division limits. Figure 8 shows the resulting percentage of particles in each zone.




Figure 8 | Distribution of total accumulated particles by quadrants according to their origin for the simulation of the whole year 2017. Pie charts are placed in the target quadrant and the colors indicate the origin, Southwest quadrant (SW) in green color, Northwest quadrant (NW) in purple color, Southeast quadrant (SE) in blue color and Northeast quadrant (NE) in magenta color. The percentages are shown in proportion to the size of the pie charts for each type of simulation. Left pie chart for Stokes drift (SD) simulations and right for Non-Stokes drift (NSD) simulations.



The largest percentage of particles for both SD and NSD simulations was observed in the SW quadrant, with values of 39% and 47%, respectively. The next highest accumulation was found in the SE quadrant, with percentages of 36% for SD and 30% for NSD. In contrast, the NW and NE quadrants showed a lower particle count at the end of the evaluation period.

Regarding the origin of the particles, the greatest percentage of particles in the NW, SW, and SE zones came from the same zone. However, in the NE quadrant, the largest percentage came from the SE quadrant. In the SW quadrant, approximately half of the particles originated from the same quadrant, while close to 30% came from the NW zone. These particles appeared not to travel in large numbers to the SE and NE quadrants.

A final analysis was conducted on the percentage of particles beached on shore for each simulation, along with the maximum and average minimum travel times and the average distance travelled (Table 3). It is observed that particles originating from the NE quadrant had a greater average distance travelled, consistent with their distribution across all quadrants as observed in Figure 8. Furthermore, the beaching percentage was noticeably higher for the SD simulation (75.5%) compared to the NSD simulation (45.5%). This discrepancy can be attributed to the NSD having fewer accumulation zones on the coast and a larger number of suspended particles throughout the basin. As a result, the average beaching time was also higher for the NSD simulation compared to the SD simulation.


Table 3 | Results of the analysis of the average distance traveled of particles [km], percentage of particles beached on shore (%), minimum [hours], maximum and average [days] beaching time for each type of simulation (with and without Stokes drift, SD and NSD respectively) according to their source quadrant.



It has been observed that, although numerical simulations incorporating Stokes drift (SD) or without incorporating it (NSD) show similar SS compared to drifts (with slightly higher SS for NSD), the inclusion of Stokes drift has a significant influence on particle accumulation in the coastal region and stranding. The simulations in the following section will be presented only with the inclusion of Stokes drift. A more detailed analysis will be presented in the discussion section.




3.3 Accumulation patterns in release from rivers

Figure 9 gives an overview of the trajectories resulting from the simulation of continuous release of particulate matter for one year at each of the 9 selected points located at the mouths of the most significant rivers. Particles from the Dnieper-Bug (DB), Dniester (DN) and Danube (DA) rivers tend to stay in the western part of the Black Sea, having mainly a movement from north to south. Particles from the Sakarya (S) move in an easterly direction and disperse mostly in the eastern part of the basin. On the other hand, the particles coming from Kizilirmak (K) and Yesilirmak (Y) tend to stay in the eastern part of the basin moving from south to north following the cyclonic circulation. Lastly, there is a greater movement from east to west of the particles coming from Çoruh (C), Rioni (R) and Don-Kuban (DK), the latter being the most dispersed throughout the basin.




Figure 9 | Final simulation trajectories for the entire year with particle release from each of the 9 selected points. Dnieper-Bug (DB), Dniester (DN), Danube (DA), Sakarya (S), Kizilirmak (K), Yesilirmak (Y), Çoruh (Ç), Rioni (R) and Don-Kuban (DK). The point of origin is indicated by a black star.



We also used the calculation of particle density to evaluate the accumulation trends for each month. In this case it was normalized with respect to the number of particles due to the monthly variation of incoming particles. The results of this analysis are presented in Figure 10. The highest particle density value of 0.023 particles/ was observed in November in the area surrounding the DA river mouth. Peaks in particle density were also observed near the DN river mouth in September and near the DK point in April, with values exceeding 0.020 particles/ .




Figure 10 | Particle density [particles/km2] resulting at the end of each month of 2017 with the simulation made with particle release from 9 major FML discharge points associated with rivers.



In addition to the high particle density points that can be seen as discharge points, the results also reveal a significant accumulation of floating marine debris on the southwestern (SW) coast from January to August. This finding is likely due to the contribution of particles from the three northwest rivers and the DK, all of which flow into this region. Furthermore, the simulation revealed an accumulation in the northeast (NE) in November and a northwest (NW) accumulation in December.

An assessment of the cumulative particle distribution for the entire year was conducted by dividing the pie charts by discharge point into four quadrants: NW, SE, SW, and NE. The results show that the largest number of particles is accumulated in the NW quadrant with a percentage of 39%, followed by the SE quadrant with 37%, and the lowest percentage of particles in the NE quadrant with 14%. Moreover, within the NW zone, the majority of the particles originate from the Dnieper-Bug (DB), Dniester (DN), and Danube (DA) discharge points, with a small percentage coming from the Don-Kuban (DK) point. Moreover, 33.11% of the particles released by the DA, almost one third, end up in the SW area. In the SW zone, particles have more diverse origins, with the majority originating from the DA discharge point, followed by Sakarya (S) which is located within this quadrant, and 14% originating from DK. In the SE zone, particles mainly originate from the discharge points located within the same quadrant, including Kizilirmak (K), Yesilirmak (Y), Çoruh (C), and Rioni (R), with a small percentage originating from DK, which seems to be distributed throughout the basin, as seen in Figure 11. Furthermore, particles from R discharge point and the DK point account for most of the particles in the NE quadrant.




Figure 11 | Distribution of accumulated particles by quadrants according to their origin for the simulation of the whole year 2017. Pie charts are placed in the target quadrant, Southwest quadrant (SW), Northwest quadrant (NW), Southeast quadrant (SE) and Northeast quadrant (NE). The colors indicate the point of origin which is marked with a star of the same color, Dnieper-Bug (DB) in orange, Dniester (DN) in pink, Danube (DA) in magenta, Sakaraya (S) in purple, Kizilirmak (K) in lavender blue, Yesilirmak (Y) in blue, Çoruh (Ç) in aquamarine green, Rioni (R) in green, and Don-Kuban (DK) in brown. The size of the pie charts are shown in proportion to the percentages.



Regarding the beaching analysis (Table 4), the results show a high percentage of particles that have beached on the coast, with an average of 92.6%. Among the studied particles, the DB particles have the highest percentage of beached particles, while K and DK particles have the lowest. The average distance traveled by the particles supports the previous findings, with the DK particles having the greatest distance traveled. On the other hand, particles from Y, S, and DB traveled the shortest distance. The average time before settling was 23 days, with values ranging from 12 to 14 days for Y, S, and DB, and 30 days for DK.


Table 4 | Results of the analysis of the average distance traveled by the particles [km], percentage of particles beached on shore (%), minimum [hours], maximum and average [days] of beaching according to their point of origin.







4 Discussion



4.1 Stokes drift in FML modeling in the Black Sea

This study discusses the importance of considering Stokes drift in a numerical model for the transport of FML in the Black Sea. The evaluation was carried out in both the model validation and in the experiment with a homogeneous distribution of particles throughout the basin. During the validation of the results, it was observed that the experiment without including Stokes drift (NSD) generally has higher SS values, but this may be caused by the large differences during the first few hours in SD simulations, which has a cumulative effect on the final SS value. However, qualitatively, a good agreement was observed in the SD simulations regarding the determination of the final destination for two out of the three buoys used.

These results do not provide a definitive answer for or against the role of Stokes drift in FML transport, as factors such as buoy shape, size, and buoyancy must be considered. Additionally, buoy experiments typically do not cover near shore areas as the drifters are removed before reaching the shore. Therefore, the way Stokes drift affects these buoys may differ significantly from its impact on FML transport. Laboratory experiments have observed the effect of wave-induced motion on FML transport, which demonstrates that floating particles move with the Stokes drift velocity, and their size and density do not affect their movement (Alsina et al., 2020).

Regarding the experiment with a homogeneous particle release, it was observed that the inclusion of Stokes drift has an influence on the accumulation of particles on the coast, showing high accumulation points in the NW, NE, and SE zones during certain months of the year in the SD simulation that are not evident in the NSD simulation. For example, a trend of accumulation towards the SE area between the Çoruh and Rioni rivers can be observed from June to October in the SD simulation. In the NSD simulation, this point is only observed in October. From December to April, in the SD simulation, there is an accumulation zone in the NE area near the Russian coast and the Kerch Strait, and in December, an accumulation zone was observed on the NW coast of Crimea. The transport of FML towards these areas has been evidenced by several studies of beach litter collection and vessel-based surveys that identify among their results litter of foreign origin in different months and seasons (Topçu et al., 2013; Suaria et al., 2015; Aytan et al., 2019; Machitadze et al., 2020; Todorova et al., 2021), thus demonstrating that the simulation with NSD does not truthfully represent the transport to these areas.

Furthermore, a difference of 30% more particles being beached was found when the velocity contributed by Stokes drift was included, which is in agreement with the observations of Korshenko et al. (2020) in his simulations. In contrast, the average residence times were reduced by almost 36% (from 99 to 63 days) in the SD simulation, which is consistent with what other authors have observed (Isobe et al., 2014; Iwasaki et al., 2017; Onink et al., 2019; Bosi et al., 2021) in terms of the impact on both temporal scales and concentration in the main accumulation zones and their seasonal prevalence.

In this sense, it is deemed relevant to consider the Stokes drift in the subsequent simulation of particle release from the river basin points. This is because the qualitative results obtained in homogeneous release simulation indicate that the SD simulation better represents the coastal accumulation of FML in some areas. Additionally, previous research has experimentally demonstrated the influence of Stokes drift on the transport of FML in coastal areas. It is worth noting that the beaching rates obtained from the Stokes drift simulation are consistent with those from previous studies on beached FML (Dobler et al., 2019; Lebreton et al., 2019; Chenillat et al., 2021), particularly in experiments in semi enclosed basin areas (Carlson et al., 2017).

In summary, these observations aim to contribute to the discussion on the importance of Stokes drift in FML models for the Black Sea. This will ensure that these tools effectively guide prevention or cleanup actions, without overestimation in temporal terms or underestimation in terms of targeting sensitive accumulation zones.




4.2 Comparison with the results of previous models

Numerical models have been used in previous studies to investigate the accumulation patterns and average beaching time of the Black Sea, revealing differences in both coastal and open water. Next, the presented results are compared with those of Stanev and Ricker (2019) and Miladinova et al. (2020), who used different methodologies, including the implementation of Stokes drift and different models. They performed experiments with homogeneous scenarios and with particle release from hot spots.

In comparison to Stanev and Ricker (2019), homogeneous experiment with Stokes drift yielded similar results in January, with an accumulation zone observed in the southwest near the Bosphorus Strait and in the northeast on the Russian coast. In July, agreement was reached on the western coast, but higher concentrations were observed in areas further south in the Bosphorus Strait. A high accumulation point was also identified in the coastal zone between Georgia and Turkey, which was not observed in the work of Stanev and Ricker (2019), despite an agreement in the southeast zone. The low or zero-density particle zones agreed in Stanev and Ricker (2019) study, such as in January in the northeast zone and in July in the northeast and central-south zones.

In comparison to Miladinova et al. (2020) in their homogeneous experiment without Stokes drift, higher concentrations were agreed on the northeast on the North Western Shelf (NWS) and southern coast of Crimea in April. However, an accumulation in the central-south zone was not observed in the results. In

July, some small areas of the southwestern coast and the coastal zone between Georgia and Turkey were agreed upon, but no agreement was found on the accumulation in the northeast zone shown by Miladinova et al. (2020), nor in the southwest zone observed.

Findings regarding particle movement along the coast were consistent with those of Stanev and Ricker (2019) simulations, where particles were released from the eight major discharge points. In both studies, high-density areas were observed around the mouths of rivers. In particular, the northwest coast near the mouth of the Danube was identified as the area with the highest concentration of stranded particles. This observation was also reported by Miladinova et al. (2020), who similarly showed accumulation in this area. All three studies, including this study, agree that the accumulation of particulate matter along the coast is governed primarily by cyclonic circulation.

In the results of the most realistic scenario of FML release from rivers, there was no evidence of a large concentration of particles in open water for most months. In December, some dispersion is observed in the northwest area of the NWS, but due to the limited duration of the exercise, it is uncertain whether this dispersion will persist over time. Given the low average beaching time and the distance to the coast, it is expected that these particles will tend to move towards the shore. These findings are in line with those presented by Stanev and Ricker (2019) and are different to the results reported by Miladinova et al. (2020), who observed open water accumulation of FML predominantly in the western gyre during summer.

Another point of contrast is the average beaching time. The results obtained in the present study (≈ 33 days) are more similar in magnitude to those presented by Stanev and Ricker (2019) (≈ 20 days), but they are far from those obtained by Miladinova et al. (2020) (≈ 200 days) and are related to the high rate of beached particles and the resulting low number of particles in open water.

In general, the results showed agreement with Stanev and Ricker (2019) regarding accumulation patterns in the west and southwest zones, as well as the magnitude of the average beaching time. However, there was more accumulation observed in the southeast zone than in the southwest in the experiment with release from the rivers, which differed from Stanev and Ricker (2019) results. On the other hand, the findings aligned with Miladinova et al. (2020) results in the increasing accumulation observed over the NWS and shelf break due to the large number of particles leaving from surrounding discharge points, which generally continued into the summer months. Another point of agreement among the three studies was the existence of high concentration zones along the southeast coast.




4.3 Comparison with measurements data

The simulation results, which are based on FML export data from nine main discharge points with continuous particle input, reveal an average density of 0.0027 particles/km2. The average mass of FML was estimated to be approximately 0.54 kg/km2 based on the assigned release data in the LOCATE FML model, which assumes a mass value of 200 kg for each virtual particle. Using a typical weight for a plastic bottle of 10 g, the estimated density of FML is about 54 bottles per km2 on average. However, it should be noted that this method provides a rough estimate based on a single type of item and is only used for the purpose of comparing results with previously reported data based on direct observations. The actual number of items per km2 may vary depending on factors such as the type of FML, its size, or state of fragmentation.

Early research on FML was mainly focused on coastal waters. BSC (2007) reported average density values of 6.6 and 65.7 items/km2 for the Ukrainian coast and the Kerch Strait, respectively, in a survey conducted in 2003. The simulation results in this study showed estimated values of 51.15 items/km2 for one point in Ukrainian coast and 430.7 items/km2 for one point in Kerch Strait. In the northwestern zone of the Black Sea, from the Danube Delta to the port of Constanta in Romanian waters, Suaria et al. (2015) estimated an average density of 30.9 items/km2 with a peak of 135.9 items/km2 at the mouth of the Danube. However, simulation results reveal a higher estimated density of 456.6 items/km2 at this location, which is the highest point in the findings.

Subsequently, Machitadze et al. (2020) reported observations in Georgian territorial waters, with transects spanning from Batumi Port to Poti. The findings revealed average densities of 76.3 items/km2, with a peak of 448 items/km2 in the vicinity of the port of Poti. The authors proposed that the uniformity, type of items, material, and degradation state suggest a significant contribution of container ship waste. In comparison, simulation results indicate an estimated density of 59.37 items/km2 this area. Furthermore, Berov and Klayn (2020) reported high densities of FML along the Bulgarian Black Sea coast, with a value of 93.8 items/km2 observed west of Cape Kaliakra. The simulation results in this study also indicate high accumulation of FML in this area, with estimated values of up to 50 items/km2 observed during the months of August and October. These findings align with the seasonal observations reported by Simeonova et al. (2017), which identified the highest quantities of FML during the summer period.

González-Fernández et al. (2022) recently reported fully compiled FML data in the Black Sea region from visual surveys conducted between May and November 2017, and June and October 2019. The simulation estimates an average density of 54 items/km2 for the entire Black Sea, which is comparable to the weighted average density of 81.5 items/km2 reported by González-Fernández et al. (2022). For the western basin, the study reported a weighted average density of 38.7 items/km2, with a maximum of 581.3 items/km2 in the Odessa region. In contrast, the simulation estimates an average density of 61.0 items/km2 for the western basin, with the maximum point located at the mouth of the Danube and an estimated density of 89.7 items/km2 in the Odessa region. It should be noted that this difference in estimated density could be due to data limitations in the western basin. In the eastern basin, González-Fernández et al. (2022) reported a weighted average density of 120.7 items/km2, with a maximum of 810.2 items/km2 in open waters more than 12 nautical miles from the coast. The simulation results suggest an average density of 46.0 items/km2 for the eastern basin, with a maximum of 430.7 items/km2 in the area surrounding the Kerch Strait. Notably, the simulation also identified high density points in the Anaklia and Batumi regions in Georgia coast, with values of 292.3 items/km2 and 141 items/km2, respectively.

Despite the simulation results not indicating significant accumulation of FML in open waters in the eastern basin of the Black Sea, regions with high FML pressure have been identified, such as Odessa in the northwest of Ukraine and the coastal area of Batumi in Georgia in the southeast, which agrees with González-Fernández et al. (2022). However, the simulation has certain limitations, such as being conducted for only one year and therefore may not accurately represent FML accumulation over longer periods. Furthermore, the spatial resolution of the simulation may not fully account for the accumulation of FML in anticyclonic eddies such as the Batumi Eddie or the Caucasus Eddie. In this sense, it would be beneficial to consider a model with a coastal approach and higher spatial resolution that could better represent local processes and account for inherent features of FML, such as its ability to be resuspended or beached in open waters. Such additions to the current model could improve its accuracy and enable a more comprehensive understanding of the accumulation of FML in the east basin.





5 Conclusions

The validation of the LOCATE Lagrangian FML model for the Black Sea was conducted using real drifter data and final trajectories of particles to assess the model’s reliability. The results suggest that while the use of Stokes drift is not categorically confirmed, its influence on FML transport can be observed, particularly at longer time horizons. Furthermore, the study found that the inclusion of Stokes drift significantly increased the time it takes for particles to wash up on shore, with NSD simulations resulting in longer beaching times than SD simulations. The experiment also demonstrated that the inclusion of Stokes drift has a significant impact on the accumulation of particles on the coast, with the SD simulation showing high accumulation points in the NW, NE, and SE zones during certain months of the year that are not evident in the NSD simulation. Additionally, the study found a 30% increase in the number of particles being beached when the velocity contributed by Stokes drift was included. Overall, these findings contribute to the discussion on the importance of considering Stokes drift in FML models for the Black Sea to guide effective prevention or cleanup actions.

In addition, this study provides valuable insights into the accumulation patterns of FML released from major rivers using estimated data of plastic exported from river basins into the Black Sea. The trajectories of particles from nine selected points were simulated for one year, revealing that particles from different rivers tend to stay in the vicinity of release points. The highest particle density value was observed near the Danube river mouth, and a long area of accumulation was extended over all the western coast. The northwest quadrant of the sea had the highest amount of accumulated particles, followed by the southeast quadrant, while the lowest percentage of particles was in the northeast quadrant. Furthermore, the beaching analysis showed a high percentage of particles that have washed up on the coast. The Dnieper-Bug particles had the highest percentage of beached particles, while the Kizilirmak and Don-Kuban particles had the lowest. Notably, the Don-Kuban particles had to travel the longest distance to reach the coast. In all scenarios, the southwest coast was identified as having high particle density.

The results of this study were compared with previous numerical models and field observation data, highlighting the crucial role of cyclonic circulation in governing the accumulation of FML on the coast, a conclusion consistent with prior research. However, this study also revealed some important differences from previous modeling studies, such as the identification of a high density point in the eastern region, off the coast of Georgia, and a notable presence of particles in the northwestern region, potentially linked to the influence of the three major rivers in the area. These findings based on recent observational data provide new insights into the complex dynamics of FML accumulation in the Black Sea.

Despite the limitations of the model discussed, such as the absence of the accumulation of FML present in open waters, this study opens the possibility of improving the model by adapting it to coastal regions with high resolution and considering the local dynamics and processes inherent to the accumulation of FML. The findings of this study can contribute to the generation of effective strategies to mitigate the problem of FML accumulation in the Black Sea. This study will be extended in future works with a much more detailed and shore-focused model, which will serve as a tool to guide prevention or cleanup actions in the Black Sea regions.
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