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The accumulation patterns of floating marine litter (FML) in the Black Sea and the stranding locations on coasts are studied by performing dedicated Lagrangian simulations using freely available ocean current and Stokes drift data from operational models. The low FML concentrations in the eastern and northern areas and the high concentrations along the western and southern coasts are due to the dominant northerlies and resulting Ekman and Stokes drift. No pronounced FML accumulation zones resembling the Great Pacific Garbage Patch are observed at time scales from months to a year. The ratio of circulation intensity (measured by the sea level slope) to the rate of the temporal variability of sea level determines whether FML will compact. This ratio is low in the Black Sea, which is prohibitive for FML accumulation. It is demonstrated that the strong temporal variability of the velocity field (ageostrophic motion) acts as a mixing mechanism that opposes another ageostrophic constituent of the velocity field (spatial variability in sea level slope, or frontogenesis), the latter promoting the accumulation of particles. The conclusion is that not all ageostrophic ocean processes lead to clustering. The short characteristic stranding time of ∼20 days in this small and almost enclosed basin explains the large variability in the total amount of FML and the low FML concentration in the open ocean. The predominant stranding areas are determined by the cyclonic general circulation. The simulated distribution of stranded objects is supported by available coastal and near-coastal observations. It is shown that the areas that were the most at risk extend from the Kerch Strait to the western coast.
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INTRODUCTION

It is widely recognized that the accumulation of plastic observed in the open ocean, on shorelines and on the seafloor presents one of the most alarming recent changes to the surface of our planet (Barnes et al., 2009). According to Jambeck et al. (2015), 275 million metric tons (MT) of plastic waste were generated in 2010, with 4.8 to 12.7 million MT entering oceans each year. The yearly contribution from rivers is between 1.2 and 2.4 million MT. The problem becomes very acute because of the longevity of plastic, estimated to be hundreds of years. The low degradation rates and continuous release from different sources resulted in a considerable increase in total plastic waste in oceans (Jambeck et al., 2015), presenting a considerable threat to global and regional ecosystems.

The environmental consequences of floating marine litter (FML) are still poorly understood. FML is found not only in the proximity of large cities and river mouths but also near most remote islands and in the deep sea. Huntley et al. (2015) use clustering as a term for the accumulation of material with a higher density compared to the surrounding areas. Examples of clustering are the accumulation areas in the middle of oceanic gyres (the so-called garbage patches reported by Lebreton et al., 2018). Similar areas of high FML concentrations are observed in the North Atlantic. The tendency for accumulation in the five subtropical gyres are explained by Kubota (1994), Martinez et al. (2009), Maximenko et al. (2012), and van Sebille et al. (2015) as due to the convergence of Ekman transports in these zones and their far distances from highly turbulent areas.

In the recent years, the amount of observational data has continuously increased (Cózar et al., 2014), making it possible to estimate the worldwide distribution of FML. van Sebille et al. (2015) used the largest dataset to date and three different ocean circulation models to estimate the amount and distribution of small floating plastic particles globally. They released particles in the models to obtain maps of the distribution of microplastics and compared them with observations. Although the three models did not treat the particles identically and the seeding was not equivalent across the models, there was high qualitative agreement among the results of the three models for the centers of the gyres but less agreement among them for the tropics and high-latitude regions. In many areas, the error bars exceeded the differences among the three solutions. Notably, the highest microplastic counts simulated in the three models were in the Mediterranean; however, the estimates differed among the three models, which calls for a more regional approach. The small Black Sea was within the model area, but there were no observational data in the database for this basin, and very few data were available for the Mediterranean. Recently, a pan-European beach litter database was developed for the European seas (Addamo et al., 2018; see also Figure 10 of Maximenko et al., 2019). However, observations in the open seas remain few.

In the present study, we focus on one specific European sea, the Black Sea, as a typical representative of semi-enclosed seas. One motivation for this study is to analyze whether the global pollution patterns, such as pronounced accumulation areas (or clusters), have their analogs in the Black Sea and to examine what the similarities and differences are.

The Black Sea (Figure 1) is an almost completely enclosed sea connected to the Mediterranean through the Bosporus and Dardanelles straits with the Sea of Marmara in between. The ∼300 km3yr–1 river runoff is collected across a vast area, which is ∼4–5 times the basin area surface. Pollution from large rivers (Danube, Dnieper, Southern Bug, Dniester, Don, Kuban, Sakarya, etc.; see Figure 1) and from densely populated coastal zones explains the very high anthropogenic pressure in this basin. Because precipitation and evaporation are almost balanced in the Black Sea, the net water outflow through the straits almost equals the river runoff. As far as the FML concentration is concerned, the balance is different. The FML concentration in the river mouths is higher than that in the Bosporus outflow. This phenomenon is explained by the fact that the FML concentration in the Bosporus outflow would be approximately equal to the concentration in the basin interior (lower), assuming that no local sources exist. This assumption is plausible because the FML from local sources, supposedly Istanbul, are transported by the Bosporus surface flow into the Marmara Sea. Thus, the FML flux (the water flux times the FML concentration) from the rivers would exceed the export by the Bosporus (almost the same water flux but a lower FML concentration than in the river mouths). Therefore, the FML concentration in the Black Sea is expected to continuously increase, which suggests that this almost completely enclosed basin, and many similar basins, are seriously threatened by various contamination fluxes from rivers and coasts unless stranding substantially compensates for the imbalance of fluxes. The latter hypothesis is addressed in the present study.
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FIGURE 1. The Black Sea and its catchment area. The orography in the catchment area (m) is plotted with brighter colors. The streamlines illustrate the annual mean surface wind computed from ERA-40 data (replotted from Stanev, 2005).


Marine litter (ML) pollution has been observed in the Black Sea in the recent decade: on beaches (Topçu et al., 2013; Simeonova et al., 2017; Terzi and Seyhan, 2017); on the seafloor (Topçu and Oztürk, 2010; Moncheva et al., 2016; Bat et al., 2017; Öztekin and Bat, 2017); and on the sea surface (Suaria et al., 2015). Plastic objects account for a large part of the litter on various beaches in the Black Sea (Topçu et al., 2013; Simeonova et al., 2017). However, the existing information on ML quantities and distribution in the Black Sea water column, on the bottom and on the coast is still fragmented. The abundance and composition of the benthic litter on the western shelf (in the vicinity of the Bosporus Straits) have been reported by Topçu and Oztürk (2010). Ioakeimidis et al. (2014) reported that the mean FML density in the Constanta Bay was 291 ± 237 items km–2. This high density was explained by the great influence of the Danube River; however, the density value was comparable to those at other Mediterranean coastal sites.

The recent study of Simeonova et al. (2017) provides one example of the surveys conducted on beaches along the western Black Sea coast. These surveys also identified a predominance of artificial polymer materials with densities ranging from 0.0587 ± 0.005 to 0.1343 ± 0.008 items m–2. The pilot quantitative assessment of ML on the bottom performed by Moncheva et al. (2016) demonstrated that (1) plastic was the most common debris material found in their area of study, which was very much in line with global findings, as well as with the results of Simeonova et al. (2017), and (2) the abundance and distribution of ML showed considerable spatial variability. Understanding these phenomena calls for an in-depth examination of the methodologies for collection, classification and quantification of litter. It is stated Moncheva et al. (2016) that “a meaningful estimation of ML distribution and density could be achieved only in the context of a broader regional management framework ensuring a large-scale integrated monitoring across countries and environments (beaches, water column and sea floor) complemented by adequate understanding of the hydrodynamic features.” In this context, the identification of the main pollution sources is of prime importance.

It is not expected that in the near future, all necessary observations in time and space will be available; therefore, one could try to advance the knowledge of FML patterns using numerical modeling. Synergy between the observations and modeling results has demonstrated the potential to improve the quality of environmental assessment and predictions. Closing the gap between observational and theoretical studies presents an important motivation for the present study, which describes a theoretical framework to quantify the FML concentration in the Black Sea.

Although the circulation of the Black Sea is well known (Oğuz and Besiktepe, 1999; Korotaev et al., 2003; Zhurbas et al., 2004; Stanev, 2005), the fate of FML in the open ocean remain unclear. Objects that are denser than seawater (naturally or due to biofouling) sink and accumulate on the bottom; less dense objects float on the sea surface and are transported by currents, waves and wind; some of these floating objects are washed ashore. It is expected that areas of weak circulation act as traps for sinking ML and/or that FML accumulates in frontal areas. One of the aims of the present research is to examine these hypotheses using data from numerical models.

To date, large-scale accumulation areas similar to garbage patches (e.g., in the Hawaii region) have not yet been observed in the Black Sea. The chaotic and time-dependent character of ocean flows makes the theoretical prediction of transport difficult. Three-dimensional circulation modeling in the Black Sea reached a high level of maturity both in the field of structured-grid modeling (Stanev, 2005) and in the development of unstructured-grid models (Stanev et al., 2017), which are well fitted to the coastal regions. Presently, the research community has access to freely available products from operational models1. These models assimilate data, which increases the credibility of these products.

Lagrangian observations in the Black Sea have been reported by Zhurbas et al. (2004). Recently, Silvestrova et al. (2016) demonstrated the usefulness of using the global positioning system to obtain high-quality positioning data over wide areas and long times. Trajectories of Argo floats in the Black Sea during the last fifteen years mostly follow the continental slope (Stanev et al., 2019b), similar to the trajectories of surface drifters reported by Zhurbas et al. (2004).

Lagrangian modeling in the Black Sea has been mostly used for predicting the transport and dispersal of oil spills. One example is the study of Korotenko (2016), who used Lagrangian tracking to analyze various scenarios of hypothetical deep-sea oil blowouts. However, to the authors’ knowledge, Lagrangian modeling has not yet been used to study FML patterns in the Black Sea and potential FML accumulation zones.

There have been a number of studies in recent decades (Moore et al., 2001; Lebreton et al., 2012; Maximenko et al., 2012; van Sebille et al., 2012, 2015) addressing the global oceanic patterns of marine debris. A recent review on Lagrangian ocean analysis by van Sebille et al. (2018) has been published. These works demonstrated the potential of numerical modeling as a guideline for assessment and management measures. One of the specific aims of the present study is to analyze the propagation of particles at the surface of the Black Sea and compare the patterns with known information from observations. The challenge is thus to start building the theoretical framework based on numerical modeling as a complement to direct and remote sensing methods of FML quantification. Another fundamental aim of the present study is to identify sensitive stretches of vulnerable shorelines affected by FML originating from rivers.

The paper is structured as follows: we first present the used data and modeling, followed by analysis of results and discussion. Short conclusions are given at the end.



THE MODELING FRAMEWORK


Ocean Circulation

Ocean currents for 2017 have been retrieved from the freely available Black Sea data distributed by Copernicus2. The numerical model used to produce these data is based on version 3.4 of the Nucleus for European Modeling of the Ocean (Madec and the NEMO team, 2012). The model’s horizontal grid resolution is 1/36° zonally and 1/27° meridionally (ca. 3 km) and has 31 unevenly spaced vertical levels. This resolution resolves the mesoscale eddies (the Rossby radius of deformation in the Black Sea is ∼20 km). Bathymetry is based on the General Bathymetric Chart of the Oceans (GEBCO) dataset3.

The atmospheric fields used to force the model are 10-m wind, total cloud cover, 2-m air temperature, 2-m dew point temperature and mean sea level pressure. These data originate from the operational forecast of the European Centre for Medium-Range Weather Forecasts (ECMWF) at 1/8° spatial resolution and a 3-h time resolution of records. Precipitation fields over the basin are from monthly Global Precipitation Climatology Project (GPCP) rainfall data (Adler et al., 2003; Huffman et al., 2009). Bulk equations (Grayek et al., 2010), atmospheric data and current modeled sea surface temperatures are used to compute the momentum, heat and water fluxes at the air-sea interface. The monthly mean dataset provided by Ludwig et al. (2009) is used for river runoff. The boundary condition in the Bosporus Strait follows the formulation of Stanev and Beckers (1999) and Peneva et al. (2001). The model assimilates along-track sea level anomaly (SLA) and gridded sea surface temperature (SST) observations provided by Copernicus thematic assembly centers. Data assimilation uses a three-dimensional variational (3DVAR) scheme (Dobricic and Pinardi, 2008; Storto et al., 2011). Further details about the model set up are given by Ciliberti et al. (2019).

An overall presentation of surface circulation exemplified by the mean 2017 sea level (Figure 2A) demonstrates that the operational model realistically simulates the most important and well-known hydrodynamic feature, which is the general circulation gyre in the basin interior (compare with Stanev, 2005). The sea level is high on the northwest shelf and in the near-coastal areas where the circulation is overall anticyclonic. The variability pattern presented as the standard deviation of sea level from the local mean value (Figure 2B) shows the largest amplitudes in the area of the eastern Black Sea and where the Crimea eddy is usually observed. Comparison with direct altimeter observations [Ssalto/Duacs products of Archiving Validation and Interpretation of Satellite Oceanographic Data (AVISO)4 ] demonstrates that while the spatial simulated variability characteristics are realistic, the model overestimates the sea level oscillation amplitudes (Figure 2C). The area mean rate between the temporal variability in the altimeter data versus the model data is 0.58.
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FIGURE 2. Annual mean sea level for 2017 from the Black Sea Copernicus product (http://marine.copernicus.eu/) (A) and its temporal variability estimated as the standard deviation of sea level from its local mean value (B). The model area does not cover the Azov Sea; therefore, results are not shown for this basin. Panel (C) shows the ratio of sea-level variability directly estimated from DUACS data and Panel (B).




Stokes Drift

The second set of operational modeling data included Stokes drift velocities. The data are produced from the third generation spectral wave model (WAM) adapted to the Black Sea area and are freely available on the Copernicus website. The model is based on the spectral description of the wave conditions in frequency and directional space. It computes the two-dimensional wave variance spectrum through integration of the transport equation in spherical coordinates.

A detailed description of WAM is given by the WAMDI Group (1988), Komen et al. (1994), Günther et al. (1992), and Janssen (2008). In WAM cycle 4.5.4, which is used for the Black Sea, the spatial grid is the same as that in the circulation mode. Twenty directional and 30 frequency bins are specified. The model considers depth refraction and wave breaking. The driving for the wave model are the same ECMWF data, which are used in the circulation model.

Additional details about operational wave modeling in the Black Sea are given by Behrens et al. (2019). In Figure 3, as an example, we show the annual mean wind and Stokes drift during 2017 and their variability patterns, estimated as [image: image], where u and v are either wind or Stokes drift velocity and [image: image] denotes their time averaged value for the period of analysis (1 year). The annual mean wind field reflects the known horizontal pattern obtained in earlier studies (Stanev et al., 1995). The Stokes drift shows large similarity with the wind field. The largest variability associated with wind and wind waves occurs in the northern and western Black Sea.
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FIGURE 3. Annual mean for 2017 of the wind (A) and Stokes drift (B) vectors for every ∼50 km, as well as their respective spatial variability (in colors) estimated as [image: image]. The wave model does not cover the Azov Sea; therefore, results are not shown for this basin. The black lines show the 200 m isobaths.




Lagrangian Modeling

Experiments were carried out offline using the surface velocity and Stokes drift data from the Copernicus circulation and wave models, respectively. The Lagrangian model is the freely available open-source model OpenDrift (Dagestad et al., 2017), which uses a second-order Runge-Kutta method neglecting vertical velocities (it is emphasized that we simulate FML, that is, particles, which are at the surface at all times). The coefficient of horizontal diffusion is considered a function of grid size Δl:
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where c1 = 1.1 × 10–4 m2/3 s–1 (Okubo, 1971; Weidemann, 1984). The respective velocities are computed by random walk displacements:
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In the above equations, Rx and Ry are normally distributed random numbers with zero mean and unity variance. The time step is dt = 1 h.



Experiments

We consider FML to be Lagrangian particles. The experiments aim to (1) analyze the FML trajectories seeded uniformly across the entire basin (Experiment 1); (2) use particle tracking to simulate the trajectories of particles originating from river mouths (Experiment 2). In the first experiment, we aim to identify the possible FML clustering caused by hydrodynamics. In other words, we analyze hydrodynamics from the Lagrangian perspective. To reach this aim, a domain-wide, uniform initial distribution is prescribed with 1 particle per model grid (∼45,000 particles in total). Seeding is repeated at the beginning of each month, and tracking is performed for the twelve individual months of 2017. New seeding is performed because, after a long time (1 month), particles leave certain areas. If no new seeding occurs, these areas are emptied, and there will be no Lagrangian information for these areas. No stranding is allowed for the particles in Experiment 1.

In the second experiment, particle fluxes are prescribed in the river mouths of the eight largest rivers and in the Kerch Strait. The net transport in the Kerch Strait is taken as the sum of the river runoff from the Don and Kuban rivers. The runoff of the Dnieper and Southern Bug rivers (the mouths of which are very close to each other) are summed in one location. The major assumption in this experiment is that the concentration is the same for all rivers; that is, the amount of released particles depends only on the annual river discharge. This simplification was chosen because there are no data available for the FML concentration in individual rivers and over long periods. The release is daily and continuous in time. These particles were allowed to strand. Tracking was continued for the whole year of 2017.

It is well known that FML velocities depend not only on how drifters respond to surface waves and ocean currents but also on the direct surface drag (Daniel et al., 2002; Breivik and Allen, 2008; Röhrs et al., 2012; Stanev et al., 2019a). The relative contributions of each of these three factors are different depending on the specific drifter (e.g., percentage of its volume above the sea surface). In our simulations, the direct wind drag has been neglected, which would assume that floating objects are just below the sea surface. This simplification was introduced because there are no basin-wide data available for the size and exposure to wind of FML in the Black Sea, which is needed to determine the wind drag.



Validity of Numerical Analyses

The practices in Lagrangian ocean analysis and the associated problems and validation issues are addressed in depth by van Sebille et al. (2018). Therefore, here, we only briefly summarize some issues concerning the validity of our model results. The use of valid advection fields (currents, Stokes drift and direct surface drag) is a precondition for a credible Lagrangian simulation. In the present study, we use outputs from operational models, which assimilate altimeter and profile data and have been widely validated. Therefore, we assume that the driving data are close to the best data currently available. This is supported by the agreement between the sea level variability seen in the simulated data and derived from altimeter data (Figure 2). As stated by van Sebille et al. (2018), the accuracy of the diagnosed pathways improves by increasing the number of deployed particles. In Experiment 1, we deploy one particle per grid (model resolution, ∼3 km), which means that for a basin area of only ∼436 km3, there are ∼45,000 particles. As seen in Figure 4, the Lagrangian trajectories resolve the mesoscale motion.
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FIGURE 4. Density trends for January 2017 (A) and July 2017 (B) computed using surface currents only. The Lagrangian trajectories for the 2 months are shown in panels (C,D). Every 40th trajectory is shown (∼1000 trajectories in total); the colors correspond approximately to those used by van Sebille et al. (2018). Panel (E) is the monthly averaged density trend for 2017 computed as the mean trend from twelve seedings. Lagrangian tracking for each seeding was conducted for 1 month. The black line shows the 200 m isobaths.


van Sebille et al. (2018) stated that most of the available Lagrangian particle-tracking tools have never been compared with each other. Thus, the relative performance of the models is unclear; however, most of them (including the model in the present study) use at least the second-order or higher Runge-Kutta method, which ensures high accuracy.

The challenges in validation are associated with (i) the variety of object sizes and shapes; (ii) the complexity of chemical composition, decay processes and sinking of FML; and (iii) the unknown sources and sinks. There are few reliable and comparable data on FML concentration in the open ocean. As stated by Maximenko et al. (2019), estimates of the amount of microplastics floating at the sea surface reported by different authors vary between 6,350 and 236,000 metric tons (Cózar et al., 2014; Eriksen et al., 2014; van Sebille et al., 2015). One currently unresolved problem is the lack of validation data for the open Black Sea: (1) there are no drifter data for the Black Sea for the period of our analysis, and (2) there are no FML data available for the interior Black Sea [see the database of van Sebille et al. (2015)]. Therefore, the experiments described in the previous section aim at obtaining an overall geophysical consistency based primarily on the oceanographic conditions, atmospheric and river forcing. Regarding the validation of the Lagrangian model, in the present study, we use the same model used by Stanev et al. (2019a), who validated its performance against GPS-surface drifters (Meyerjurgens et al., 2019) and wooden drifters in the North Sea. The performance of the model as demonstrated by Stanev et al. (2019a) was very encouraging, in particular when simulating the stranding positions (see Figure 7 in the cited work). Therefore, we apply here the same model to the Black Sea (a basin which has similar dimensions as the North Sea), and use similar physical drivers (Copernicus data) as in our earlier study.



RESULTS


Accumulation in the Open Ocean


FML Density Trends

The general circulation in the open sea is cyclonic. Following the general ideas developed by Stanev et al. (2000, 2004), the Ekman drift tends to displace surface water from the interior into the coastal zone, and the water deficit in the basin interior is compensated by a general upwelling. This situation would suggest that FML would tend to leave the basin interior and move toward coasts.

To evaluate this hypothesis, we use the results from Experiment 1. After each month of Lagrangian integration, we compute the particle density trend (DT). The particle DT reflects the number of particles that have visited each grid cell during a certain time interval. (See Koszalka and LaCasce (2010) and Huntley et al. (2015) for more details about the used clustering metrics.) This quantity is normalized by the respective number, which corresponds to a motionless situation for the same time interval, in our case 1 particle per grid cell:
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In the above equation, (x, y) are the coordinates of an arbitrary grid cell with size (dx, dy), n are the time steps from t0 to tn, u is the velocity field and N is the number of particles at time step i in grid (x, y). In the present study, (dx, dy) is the model grid size; (dx, dy) can be prescribed larger or smaller than the model grid size depending on the application. A DT larger/smaller than unity corresponds to more/less particles that have been identified in a grid cell on average than there would have been without currents. Thus, the DT can be interpreted as the percentage of the initial particle amount averaged over time. The DT transforms the Lagrangian characteristics into the so-called pseudo-Eulerian property that is similar to the density, which represents the process of particle compaction in certain areas. In this way, one can identify particle accumulation areas. This approach is similar to the technique of binning particle positions into histograms (Koszalka et al., 2011). One can also generate probability maps (e.g., van Sebille et al., 2012; von Appen et al., 2014; van Sebille et al., 2018).

If the number of particles in some areas remains small (see the January and July trends in Figures 4A,B, respectively), statistical confidence of the DT is not ensured. Therefore, the areas where the DT is smaller than 30% are excluded from the analysis (white areas). This result explains the reasons to divide Lagrangian tracking into several seeding runs (in this case, tn is chosen to be 1 month).



Accumulation Patterns Caused by Currents

The large variability of circulation patterns explains the difference between the DTs in individual months. While the distribution of the accumulation patterns in January is characterized by an overall trend of increasing concentrations to the southern areas and decreasing concentrations in the northern areas (Figure 4A), the July pattern (Figure 4B) clearly demonstrates a very strong accumulation along the western coasts and in the area south of Crimea. In both cases, the DT reveals compaction areas, which are reminiscent of eddy and subbasin eddy features and filaments (compare with Figures 4C,D).

Averaging the monthly DTs over a year decreases the horizontal FML gradients. The overall conclusion from the annual mean pattern (Figure 4E) is that the concentrations decrease in the eastern and northern areas and increase along the western coasts. The former is a result of the dominant northerlies (Figure 3A), which impact the current in the surface layer. Similar trends in the Black Sea were recently reported by van Sebille et al. (2015) from global simulations covering the area of the Black Sea. Because of the very different resolutions used in the regional and global models, we do not speculate further on these agreements. Noteworthy is that at the global level, the Black Sea, along with the Mediterranean, shows the largest concentrations of particles.



Accumulation Patterns Caused by Currents and Stokes Drift

Adding Stokes drift to the surface current has non-trivial consequences, although the pattern of Stokes drift is relatively smooth. In January (compare Figures 5A to 4A), Stokes drift resulted in south-eastward FML displacements, which is well seen along the eastern coast. The DT in the presence of Stokes drift appears slightly smoother, with the exception of the area to the south of the Kerch Strait, where the joint effect of surface currents and Stokes drift resulted in an accumulation zone with complex spatial characteristics.
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FIGURE 5. Panels (A–C) shows the same as Figures 4A–C, but Stokes drift has been added. (D) shows the contribution of Stokes drift for 2017, which is the difference between panel (C) and Figure 4E. Note the different contour interval in panel (D). The black lines show the 200 m isobaths.


There are also no large changes in the DTs in July caused by Stokes drift (compare Figures 5B to 4B). Overall, the wave effects resulted in a slight decrease in FML accumulation along the western coasts. The changes are even smaller if one considers the annual mean situation (compare Figures 5C and 4E). The net contribution of waves results in greater FML accumulation in the southwestern Black Sea and less accumulation on the North-West shelf (Figure 5D). Note that the contour interval of Figure 5D is four times smaller than those of the remaining plots. The consistency in FML accumulation between the region along the southern coast and Figure 3B suggests a clear linkage to the Stokes drift pattern. These results support other recent estimations revealing the important impact of Stokes drift on the movement of surface drifters in the North Sea (Stanev et al., 2019a) and the fate of FML in the South Indian Ocean (Dobler et al., 2019). In a study on the global accumulation of floating microplastics, Onink et al. (2019) showed that Stokes drift tends to enhance microplastic transport to the Arctic Ocean.



Accumulation on Coasts

In the experiment aimed at quantifying FML propagation from rivers and its stranding (Experiment 2), particles are propagated by the surface current and Stokes drift. Particles from each river are colored in Figure 6 with different colors. Because the FML flux at the river mouth is considered proportional to the water flux only, most of the particles originate from the Danube, which is the major source of fresh water. The FML distribution in the open sea shows areas of increased concentrations, some of which have eddy scales. This is a clear illustration of clustering. The patterns in Figure 6, ∼4 and 5 months after the start of integration, are short-lived patterns. They change with the time scale, which is characteristic of the synoptic atmospheric variability. Overall, the preferred stranding positions are determined by the cyclonic character of circulation, that is, particles strand to the right of the river mouth looking in the direction of the sea. One exception is the area of the Batumi (anticyclonic) eddy, where particles from the Coruh River turn to the left.
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FIGURE 6. Example distribution of the floating objects (small dots) from rivers (large dots show their mouths) under different weather conditions: after 4 months of Lagrangian tracking on 30 April 2017 (A) and 1 month later, on 30 May 2017 (B). Notice that the number of particles in the open ocean does not considerably increase because of stranding. For particle advection, surface velocities and Stokes drift data were used.


Figure 7A shows the temporal evolution of floating particles in Experiment 2 integrated over the entire basin. The number of particles continuously increased after the start of the experiment. The maximum number was reached at approximately seven months and was ∼4–5 times lower than the number of released particles (Figure 7C). This result indicates that most of the released particles stranded. In the period August-November, most of the floating particles were washed ashore, and the total amount decreased extensively. An increasing trend was initiated at the end of 2017.


[image: image]

FIGURE 7. Temporal evolution of the number of floating particles (A), the ratio of the current number of stranded particles to the number of released particles (B) and the total number of released particles (C) in Experiment 2. (D) shows the number of stranded particles released from rivers after 1 year of integration within the respective coastal sectors (letters). The bars and the letters next to the bars show the start and end positions of the individual sectors, respectively. These sectors are also named in the insets; for instance, the first sector, a-b, is called Danube, and the last sector, i-a, is called Dnieper. The numbers in this figure next to the circles correspond to individual rivers and the Kerch Strait. The insets show the accumulated FML amounts in the respective sectors. Note that the different bar widths and the different maxima of the vertical axes illustrate very different accumulation trends on the coasts. For particle advection, surface velocities and Stokes drift data were used.


The numbers in Figure 7A can be considered as relative ones, reflecting the prescribed fluxes. Our experiments showed that doubling the flux approximately doubles the number of FML particles. It is more objective to analyze the ratio of the current number of stranded particles to the number of released particles (Figure 7B). This number (mean value of 0.99) is highly variable, reaching values of up to 7. This unexpected result can be explained by the following scaling considerations. The ratio of the annual mean number of floating particles (2205) to the mean flux of stranded particles (113 day–1) yields for the characteristic stranding time ∼20 days. This time is comparable to the synoptic time of atmospheric variability and is too short to allow the propagation of particles far from the coasts without being washed ashore. Because the scales of Black Sea are small, stranding times dominate the dynamics of FML and makes the consolidation of FML in large patches, as is observed in the open ocean, impossible in the basin interior. The characteristic stranding time is short not only because of the specific dynamics but also because of the prescribed stranding mechanism: we assumed that all particles that reach the coast strand, which is the upper bound of the stranding parameterization.

The following analysis aims to quantify the distribution of stranded particles along the coast. We divide the coast into ten sections. The start and end positions are illustrated in Figure 7 with bars, next to which letters allow us to distinguish between individual sectors in the following text. These sectors are also named, for instance, the first sector, a-b, is called Danube, and the last sector, i-a, is called Dnieper. The sectors are defined such that their lengths are almost the same, which enables a better comparison between their stranding properties. The numbers on this figure correspond to individual rivers. The positions of their mouths are shown with large circle symbols; their names are shown in Figure 7. There are no dependencies between the sector names and rivers; there can be more than one river in a sector or no rivers.

The quantification of stranding is visualized in the insets showing the amount of FML particles from each river identified in the individual coastal sectors. Most of the stranding particles originate from the Danube, which explains the large amount of stranded particles in sector a-b, Danube. The vertical axes in the individual sectors are chosen to be different (0–5000 for the Danube sector, 0–1500 for the West, Kerch and Dnieper sectors and 0–750 for the rest of the sectors). This system was needed to illustrate the origin of particles in areas with very different sources and accumulation properties. Overall, the most polluted are the sectors starting from the Kerch to the West sector, as well as the East region. These findings nicely reflect the close correlation between local sources, as well as sources upstream of the major Black Sea current (the Rim current), and stranded particles.



DISCUSSION

FML propagation, accumulation and stranding predictions pose a challenge both in the observational field and in the field of their numerical modeling. Predictions and environmental estimates require reliable and comparable data. This condition necessitates standardized protocols for sampling and analysis. Performing large-scale measurements, increasing the coverage of survey sites, and developing clear ideas based on observations of the accumulation patterns in individual ocean basins and river plumes are of utmost importance to close the gap between observational and modeling approaches. For modeling, the availability of validation data is crucial. The agreement between the simulated stranding results on the western Black Sea coast and available observations is a good first step toward validation of model estimates. Furthermore, one could expect that numerical modeling will provide theoretical evidence to be used to support or guide appropriate observations and comparisons between observations and modeling.

Moncheva et al. (2016) demonstrated that the average ML quantity in the northwestern Black Sea was an order of magnitude higher than the amounts observed in the western Black Sea. Furthermore, the ML distribution was characterized by considerable spatial variability. The respective concentrations showed a maximum in front of the Romanian coast and decreased from north to south, and the concentration was ∼3 times lower in front of the Bulgarian coast (9598 items km–2). This decrease continued further south; the item concentration encountered in front of the Turkish coast was 7956 items km–2. These results provide good support for our modeling. The decrease in concentration from coastal areas to the open ocean also supports the results of Experiment 2. As Moncheva et al. (2016) stated, coastward along the 40 m isobath, the abundance of ML was generally much higher than on the continental shelf (see also Figure 4E).

Our simulations did not reveal similarities to known cases from other ocean areas of FML compaction, e.g., the Great Pacific Garbage Patch. The results shown in Figures 4, 5 also do not reveal a strong consistency with known circulation patterns in the Black Sea (Figure 2A) over long time periods. The short stranding time quantified in section “Accumulation on Coasts” partially explains the difference in cluster formation between small (semi-enclosed) basins and the open ocean. In the following, additional reasons for the observed distribution of FML are given. Figure 8A shows the trajectories of FML originating from coastal regions shallower than 200 m computed in Experiment 1 twenty days after the release on 1 January 2017. Most of the particles originate from the northwest shelf. The contribution from the remaining coastal areas of the Black Sea is small because the 200 m isobaths there are very close to the coast, in particular along the eastern coast. The intrusions into the open sea are dominated by mesoscale eddies and meanders of the Rim current. This propagation pattern is consistent with the known role of mesoscale eddies. (Notice the recirculating wakes structures formed behind coastal headlands, particularly along the southern coast.) Shelf break eddies substantially contribute to cross-shelf exchange (Shapiro et al., 2010), creating filaments that intrude into the basin interior. The Lagrangian trajectories simulated in Experiment 1 evidence the role of these filaments in the propagation of FML and support the conclusion in section “Accumulation on Coasts” that clustering in the Black Sea appears only over short time scales.


[image: image]

FIGURE 8. Trajectories of particles in Experiment 1 released in areas shallower than 200 m (thick black isobaths) from 1 to 20 January 2017 (A). Every 10th trajectory is shown; colors correspond to those in Figure 4. DT from January to June 2017 in Experiment 1 (B). DT computed using non-stationary geostrophic surface currents for the period from January to June 2017 (C). DT from January to June 2017 computed using geostrophic surface currents obtained from the mean January to June sea level values (D). DT from January to June 2017 computed using non-geostrophic surface currents with a reduced (three times) range of the temporal variability (E). The black lines show the 200 m isobaths.


Analysis of the results from Experiment 1 in the previous section was targeted toward illustrating the impacts of circulation and Stokes drift on the DT. Seeding was performed every month, and the mean of the twelve one-month DTs is shown in Figures 4E, 5C. Now, we analyze only the particles released in January 2017 but track these particles for 1 year. As shown in Figure 8B, these particles exhibit a tendency to accumulate in the southern Black Sea. Six months after seeding, part of the northern Black Sea becomes free of FML. After 1 year of Lagrangian tracking, most of the northern part of the Black Sea becomes free of FML (not shown here), which is explained by the predominant Ekman and Stokes drift directions.

To isolate the roles of Ekman and Stokes drift, we computed surface velocities from current sea levels using geostrophic formulas and repeated Experiment 1. In the following, we refer to this experiment as Experiment 1gns, where “gns” stands for geostrophic-non-stationary. The results from this experiment, which are shown in Figure 8C, did not appear principally different from the results shown in Figure 8B. This finding suggests that the pattern shown in Figure 8B is largely explained by sea level dynamics. Ekman and Stokes drift contribute to the southward displacement of FML.

Theoretically, geostrophic motion is stationary and rectilinear; although Experiment 1gns uses geostrophic equations to derive surface velocities, the flow is ageostrophic because of the complex shape (Figure 2A) and non-stationarity (Figure 2B) of the sea level. As a next step, we used the annual mean sea surface (Figure 2A) to compute the geostrophic surface velocity and repeated the computations (Experiment 1g) with a stationary geostrophic flow. Figure 8D shows a good consistency with the sea level pattern in Figure 2A, demonstrating that current shears and mesoscale features determine the FML pattern, revealing their clear clustering signatures. The accumulation along the front in the southern Black Sea is very pronounced and consistent with the observed accumulation of floating matter in frontal areas. The results of our experiments support the statement of Jacobs et al. (2016) that “ageostrophic ocean processes such as frontogenesis, submesoscale mixed-layer instabilities, shelf break fronts, and topographic interactions on the continental shelf produce surface-divergent flows that affect buoyant material over time”. Thus, the spatially variable sea level slope (Figure 2A), which is essentially an ageostrophic feature, explains the clustering in Figure 8D.

The major difference between Experiment 1g and Experiment 1gns is the non-stationarity of the velocity field (non-stationarity is also an ageostrophic signal). Clearly, this ageostrophic component of ocean currents is the major reason explaining the absence of clustering in Experiment 1gns. Therefore, we can conclude that not all ageostrophic ocean processes lead to clustering. Unlike the case analyzed by Jacobs et al. (2016), the temporal variability of ageostrophic motion is too strong for the periods considered in our case and acts as a mixing mechanism. In other words, the ratio of the range of the sea level slope to the range of its temporal variability (the latter is estimated as the standard deviation of sea level from its local mean value) determines whether FML will compact and show pronounced hydrodynamic-like patterns. As seen from the comparison between Figures 2A,B, the range of the horizontal differences of the sea level is comparable to the range of its temporal variability.

The higher temporal variability rates in the Copernicus product compared with the variability in the altimeter data (Figure 2C) suggests that the Copernicus product overestimates the temporal variability. The rather chaotic stirring is thus caused by the strong temporal variability in Experiment 1gns and results in a disappearance of pronounced accumulation areas.

In the next experiment, we reduced the ageostrophic variability three times (Experiment 1gns/3) and repeated the computations to investigate whether clustering appears in the case of a lower variability range. This reduction was larger than the overestimation of the variability range in the Copernicus product. However, despite this large decrease in the variability rate, which is now lower than that in the altimeter data, most of the frontal and eddy-like patterns in Figure 8D disappeared, as shown in Figure 8E. The conclusion is that specific circulation features in the Black Sea (i.e., the divergent general circulation in the basin interior and the strong temporal variability of flow) are not favorable for FML accumulation in the basin interior over monthly and longer periods.

Under the assumption that all particles that reach the coast strand, the estimated stranding times are short. This suggests that the dynamics of FML are strongly dominated by stranding processes, which cause their concentrations in the open sea to remain low. If the FML fluxes are turned off, almost all FML will strand within ∼2 months (stranding time of 20 days). This is good news relative to the case of the global ocean, where large amounts of particles can accumulate far from the coasts and thus be difficult to clean. Thus, the coasts of semi-enclosed seas act as accumulation areas, which might potentially facilitate efforts to efficiently clean the marine environment. The above conclusions can be tested and/or generalized to other coastal and estuarine environments. The caveat is that the stranding times estimated here are the shortest possible (as all particles that reach the coast strand). This assumption can be relaxed in future studies. Determining the ratio of the concentration of FML in the open ocean to the total flux from rivers (if credible measurements exist) could facilitate the development of improved stranding parameterizations.

Further improvement of the model predictions would also necessitate a more specific and clear understanding of the sources and types of ML from individual rivers. Another step aimed at increasing the realism of the estimates would be to prescribe how much litter leaves through the Bosporus. Different sizes, classes, and categories (including nanoplastics), along with their transformations, also need to be addressed. Here, coupling with biogeochemical models is needed to account for the persistence of ML and their biodegradation.

Even with the simplifications assumed here, ML modeling gives further motivation to address transboundary problems. Our findings support the results of Topçu et al. (2013), claiming that the southeastern side of the Black Sea was found to be cleaner than the western side. According to these authors, half of the labeled ML recovered from the southwestern Black Sea (Turkey) was of foreign origin. This phenomenon represents an additional challenge for modelers to focus on coastal areas, where ML transport mechanisms and stranding are more complex. In the present simulations, the dynamics of stranding were accounted for in a very simple way: once ML hits the coast, it remains there. Clearly, this process does not consider regional coastal characteristics, which requires further attention. Using unstructured-grid models (Stanev et al., 2017), which are characterized by a higher spatial resolution and therefore fit coastal regions well, could help a lot. Such models can more accurately simulate small-scale convergence and divergence zones, notably in coastal canyons or sea mounts.

It appears that the regional case of the Black Sea analyzed here has much in common with the ideas behind the future integrated marine debris observing system (IMDOS, Maximenko et al., 2019; see also Galgani et al., 2019). This system is required to provide long-term monitoring and support operational activities associated with anthropogenic pollution. The present study reveals issues specific to regional and semi-enclosed basins and can motivate addressing with more weight the coastal and regional ocean basins in the context of the IMDOS. As in the European Copernicus program, one should start to develop regional and coastal observing and forecasting systems based on the amalgamation of observations and numerical modeling. Numerical models are useful for improving our understanding the processes that affect transport, fate and distribution of marine debris. They can be considered as complementary tools to guide observational practices using observing system experiments (OSEs) or Observing System Simulation Experiments (OSSEs). One challenge is collecting in situ observations and sensing the environment remotely to increase the amount and quality of data (Zielinski et al., 2009; Garaba et al., 2018). We thus hope that numerical modeling will be soon used for practical purposes after addressing some of the above challenges and used in support of observational activities and the development of future reduction measures and mitigation strategies. However, it is necessary to adequately address the applicability of the model data used for particle tracking. As seen from our results, the expectation that the interior of the Black Sea will transport ML into the region of the Rim current and that ML will accumulate along the Rim current was not realized except in the unrealistic case shown in Figure 8D. In the present study, we used outputs from operational models, with the assumption that the data is close to the best available data at the moment. One next step could be testing the concepts of accumulation using other available models to address FML clustering in the deep sea in a more complete way.



CONCLUSION

The present work is a step toward building a framework based on numerical modeling to (1) identify FML accumulation patterns in the Black Sea and (2) the vulnerable coasts affected by the FML from rivers. To reach this aim, we used freely available ocean current and Stokes drift data from Copernicus products and performed Lagrangian simulations.

At long time scales, months to a year, no pronounced FML accumulation zones and horizontal gradients were observed, and no features similar to the Great Pacific Garbage Patch were found. Overall, the FML concentrations decreased in the eastern and northern areas and increased along the western coasts. This phenomenon is due to the dominant northerlies and the resulting Ekman and Stokes drift. Even in the absence of wind effects, that is, when Lagrangian particles were driven by only geostrophic currents, FML clustering was not pronounced. This finding was explained by the non-stationarity of the velocity field. In a sensitivity experiment where surface geostrophic currents were computed from the annual mean sea level, FML clustering did appear, in particular in areas with pronounced ageostrophic ocean features such as eddies, jets and fronts. A more in-depth analysis of the currents and the resulting FML accumulation patterns demonstrated that their temporal variability was too high, which acted as a mixing mechanism. This high level of variability, which was relatively uniformly distributed across the entire sea, was prohibitive for FML compaction in specific hydrodynamic areas. In another sensitivity experiment, when the temporal variability was reduced below the level of the natural variability, traces of FML clustering started to appear. The conclusion is that the ratio between the circulation intensity (measured by the sea level slope) and the rate of its temporal variability determines whether FML will compact.

In a second experiment, addressing FML spreading from rivers and its stranding, it was found that the stranding time scales (∼20 days) were comparable to the synoptic scales in the atmosphere. This provided an explanation of the dominant short-time variability of the total number of FML particles and their low concentrations in the open ocean. The predominant stranding locations were determined by the cyclonic character of circulation. A close correlation was found between the FML quantity on coasts and the distance from the river mouths upstream of the Rim current. The simulated distribution of stranded objects was supported by available coastal and near-coastal observations. It was shown that the areas that were the most at risk extend from the Kerch Strait to the western coast. The model can be further developed by including more realistic fluxes from rivers with the aim of adequately addressing the transboundary propagation of pollution.
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