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The second-largest oil pollution incident in the Eastern Mediterranean Levantine basin, following the oil pollution crisis in Lebanon in 2006, is considered to be the oil leakage from the Syrian Baniyas power plant (summer 2021), during which 12,000 tons of oil were released. At the operational phase, the everyday predictions of oil drift were provided using the MEDSLIK and MEDSLIK-II models in the framework of an agreement between the Mediterranean Operational Network for Global Ocean Observing System (MONGOOS) and the Regional Marine Pollution Emergency Response Centre for the Mediterranean (REMPEC). In this work, we present a novel post-operational comprehensive model-based analysis, conducting a SAR validation in two model outputs: the MEDSLIK and the OpenDrift models. Each simulation is initiated with the operationally acquired EMSA-CSN and ESA SAR images. Moreover, the high-resolution met-ocean fields (CYCOFOS, SKIRON) are used to force the oil drift and transformation in both models. The spill was developed under the calm-wind conditions that prevailed during the incident. We found that the boundary sea currents developed on the periphery of the Lattakia eddies (anticyclonic and cyclonic) were responsible for the fast westward spreading of the oil spill offshore in the NE Levantine, the north-south pathway bifurcation, and re-landing of oil in the extended coastal area of Lattakia. Model outputs were validated against Synthetic-aperture radar (SAR) images with appropriate performance metrics, used for the first time, to assess the capacity of a reliable representation of oil spill drift. The intercomparison between the two oil spill models indicated that both models produce almost similar results,  while their validation against the satellite SAR observations illustrates moderate accuracy.
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1 Introduction

Oil transportation by ship, oil rig failures, oil tanker accidents, including collisions or sinkings, natural oil leaks from underwater sources, etc., are only a few of the many causes of oil spills in the marine environment. Marine oil spills can have significant effects on ecosystems, public health, and the economies of coastal communities. Hence, the operational forecasting of oil spill pathways into the sea through oil spill advection-dispersion models aims to alert authorities, initiate the optimal response, and ultimately reduce environmental damage. With this knowledge, resources (vessels and aircrafts) may be directed to the most likely site of the oil expansion, and any mitigation methods, such as oil booms and dispersants, can be successfully deployed. These different types of oil spills may have variable effects on the ecosystem, depending on the type (density and viscosity) and quantity of the oil released, meteorological circumstances (mostly atmospheric winds), ocean (hydrodynamics and water column dynamics), and sea state (waves and wave-induced turbulence) conditions (Fingas and Brown, 2018). For this reason, predicting the trajectory and fate of the oil at the early stages of an oil spill, even before routine surveillance activities have been established, is extremely crucial for the success of the authorities’ response (Keramea et al., 2021; Zodiatis et al., 2021). Modeling can also highlight the potential for shoreline harm as an incident develops, assisting in the optimization of clean-up efforts. Any help that operational oil spill modeling can offer could be important, given the tremendous effect and cost of oil spills. Risk evaluation and readiness planning both heavily rely on oil spill modeling. Governmental authorities, oil exploitation and production firms, insurance companies, and other stakeholders can evaluate whether they have the appropriate resources, tools, and procedures to respond by simulating different oil release scenarios and their impacts (Dearden et al., 2022).

When oil spills at sea, it disperses and flows on the water surface with the wind and currents while going through a number of chemical and physical changes (Spaulding, 2017; Zodiatis et al., 2017; Keramea et al., 2021; Dhavalikar and Choudhari, 2022). The accurate wind representation is essential for the reliable oil drift prediction, therefore downscaling is required to improve forecasted wind fields. Recently, Li et al. (2022) introduced machine learning tools through the innovative “adversarial learning approach” to the forecasted wind field correction. The fate of oil in the water is determined by activities collectively known as “oil weathering processes”. Under the influence of wind speed and direction, as well as ocean currents, a variety of weathering processes, including evaporation, emulsification, dispersion, etc., cause the spilt oil in the ocean to break down and spread (Keramea et al., 2021; Zodiatis et al., 2021). At this stage, it is crucial to be able to show that oil spill model forecasts are correct and accurate, as well as that the constraints of a model are fully understood, to utilize them in the decision-making process for oil spill response. The evaluation of model results is the key step in this process. Historical data from three fundamental sources—drifters, satellite observations, and coastal reports—is regularly used to validate oil spill models.

Drifters present continuous, accurate location tracking data over a number of weeks. However, they can also be used to model the 2-D spatial dispersion of an oil slick. They are substantially basic floating GPS devices that are typically employed for the Lagrangian monitoring of ocean currents (De Dominicis et al., 2013b; Song et al., 2018). However, the drifter approach for validation has the drawback that it only offers an assessment on the correctness of advection processes in the model (e.g., the transport of oil by virtue of wind, currents, and wave drift). In that sense, drifter data might be valuable in characterizing the forecasting uncertainty within models.

Synthetic aperture radar (SAR)-equipped satellites can identify oil spills floating on the water. On the sea surface, the effect of dampening the gravity-capillary waves with a distinctive wavelength of several centimeters is constantly present. Radars operating on the same wavelength can distinguish easily between water areas with developed gravity-capillary waves and those with damped gravity-capillary waves. Different types of oil products can dump the gravity-capillary waves by a factor of 10 to 30. Water areas with dampened gravity-capillary waves appear as black zones on SAR images because the radar signal that is emitted does not return to the antenna. Gray spots on SAR images represent regions where a portion of the radar signal that has been scattered (by gravity-capillary waves) has been returned to the radar. The traditional approaches for locating oil spills in SAR pictures mainly concentrate on assessing the geometry and grayscale gradients. The European Maritime Safety Agency’s (EMSA) provided the CleanSeaNet service utilized in the current study to initiate the oil spill models.

Generally, the main principles of oil spill detection involve image pre-processing, image segmentation, feature extraction and classification, based on oil’s spectral signature. Currently, machine learning techniques based on various classifiers (e.g., decision trees, random forests, etc.) have been widely applied to aid oil detection (Vijayakumar, 2023). Technical details and method limitations using SAR images for detection of oil spill are referred in Fingas and Brown (2018) and Dong et al., (2022 Supplementary Materials).

Many satellite constellations, including COSMO-SkyMed (CSK), ERS-2, ENVISAT, RADARSAT, and Sentinel-1, involve SAR equipment on board (Cheng et al., 2014). SAR imagery offers useful synoptic information about the location and extent of the oil spill in the presence of moderate wind speeds and weather conditions (Garcia-Pineda et al., 2009; Kolokoussis and Karathanassi, 2018), and its fundamental benefit against drifter data is that it enables direct comparisons between the results of numerical models and observations of actual oil spills (Cheng et al., 2014). However, the spectral signature of an oil spill may be influenced by the prevailing sea and lighting conditions, oil optical characteristics, film thickness, and water column optical characteristics (Song et al., 2018). Furthermore, these satellites can only provide two or three images, at most, for a normal oil spill before the oil evaporates to a point where it can no longer be identified (Garcia-Pineda et al., 2013; Aghaei et al., 2022). Therefore, due to the swath of the SAR and the duration between satellite revisits, its application for tracking oil spill paths is constrained. Another significant problem is separating oil spills from their imitators (such as algae, rain cells, low-wind regions, etc.) in SAR images. Nevertheless, emergency responders can monitor an oil spill using remote sensing, together with models of chemical changes and mass fluxes, to gain insight into the various physical processes that determine the fate of oil in the ocean (Clark et al., 2010). As a result, SAR images can be used in conjunction with model simulations to obtain more precise information about oil spills (Zodiatis et al., 2012), particularly for oil spill monitoring and tracking during major oil spill occurrences, developing a contingency plan, and evaluating the significance of the oil spill hazard (Dhavalikar and Choudhari, 2022). Coastal reports could also be used to validate the oil arrival time to the beach (Coppini et al., 2018; Liubartseva et al., 2020; Liubartseva et al., 2022).

Numerous studies have been carried out using hypothetical oil spill accident scenarios as well as their accompanying simulations in the Levantine basin (Alves et al., 2016; Kampouris et al., 2021; Liubartseva et al., 2021; Keramea et al., 2022). However, to be operational, a model should respond to real-event occurrences (Lardner et al., 2006; Xu et al., 2013; Hole et al., 2019; Liubartseva et al., 2020; Zodiatis et al., 2022).

Over the last two decades, it has been well documented that the NE Levantine is vulnerable to major oil spill incidents due to the intense shipping traffic and the numerous accidental releases from the fuel tanks of power plant infrastructure and refineries located close to the shoreline.

The first major oil pollution case in the NE Levantine was documented in mid-July 2006, following the heavy crude oil leakage of around 15,000 tons from the fuel tanks of the Jieh power plant (Figure 1), located 30 km south of Beirut (Lardner et al., 2006; Coppini et al., 2011). Following a relevant request from REMPEC regarding the details of the oil pollution during the hostilities between Israel and Lebanon, operational daily oil spill predictions were carried out using the well-established MEDSLIK oil spill model (Lardner et al., 1998; De Dominicis et al., 2013a; Zodiatis et al., 2021) forced by SKIRON and CYCOFOS met-ocean forecasting data. The CYCOFOS sea current forecast for the mid-July 2006 incident showed a northerly flow, parallel to and close to the coasts of Lebanon and Syria, with flow velocities between 0.20-0.30 m/s, while the SKIRON wind forecast showed winds varying in direction between south-west and south, with wind speeds varying between 2 and 7 m/s. Therefore, during the Lebanon oil pollution crisis, the oil spill remained close to the coastal area and heavily polluted the shoreline of Lebanon, the northern part of the Jieh power plant, and partially the southern coast of Syria up to Tartus, Jableh, and the south shoreline of Latakia (Lardner et al., 2006; Coppini et al., 2011). It is important to note that the EU Joint Research Center (JRC) provided some limited satellite remote sensing SAR images during the oil pollution crisis in Lebanon, to verify the oil spill predicts about the level of oil pollution. One year after this incident, the European Maritime Safety Agency (EMSA) launched the CleanSeaNet (EMSA-CSN) Portal1, which provides oil spill warnings to EU Member States based on remote sensing satellite SAR data.

Over a period of five years, from 2007 to 2011, the systematic use of remote sensing SAR data from EMSA-CSN and the European Space Agency (ESA) allowed Zodiatis et al. (2012) to identify more than a thousand potential ship-related oil slicks in the NE Levantine basin, and also to couple the SAR data with the MEDSLIK oil spill model, and to provide operational 24-hour forecasts and 24-hour backtracking of the satellite observed potential ship-related oil slicks.

Among the studied accidents, a small-scale oil spill, known as the “Gastria oil pollution incident” occurred in the mid-July 2013 at the Famagusta Bay coastal sea area in Cyprus (Figure 1) during the refueling of an oil terminal for the needs of the nearby “Kalecik” power station, owned and operated by the Turkish “Aksa” energy company. About 100 tons of heavy crude oil were released. Despite the MEDSLIK model’s hours-ahead prediction that the first impact on the coast would take around 18 hours to reach the shore (Zodiatis et al., 2018), particularly due to the extremely weak winds and sea currents, the oil spillage led to the pollution of the shoreline nearby.

The recent NE Levantine accident was recorded in February 2021, when a considerable number of tar balls washed ashore on the beaches of Israel, Lebanon, and the Gaza Strip. Remote sensing SAR images failed to detect this offshore spill in its initial stages. In response to REMPEC’s request, different met-ocean forcings, such as the SKIRON winds, CYCOFOS sea currents, CMEMS Med MFC sea currents, and ECMWF winds, were used to run the MEDSLIK and MEDSLIK-II oil spill models (Liubartseva et al., 2022). The results of the oil spill modeling were compared with the distribution of the accumulated oil throughout the shoreline to assist the Israeli authorities’ investigation into the origin of the oil leakage, which impacted an extended coastline of Israel up to 160 km long.

Finally, following the Lebanon oil pollution crisis in the summer 2006, the 12,000 tons of crude oil that leaked from the fuel tanks of the Syrian Baniya power plant in summer 2021 is regarded as the second-largest oil pollution incident in the Eastern Mediterranean Levantine basin (REMPEC, 2023). In this oil spill incident, which lasted from August 23 to September 12, 2021, the CMCC, ORION, and Orbital-EOS provided daily oil spill predictions, as part of the MONGOOS-REMPEC agreement, to provide oil spill predictions in causes of major pollution incidents in the Mediterranean Sea (Zodiatis et al., 2022; Keramea et al., 2023b). Oil washed up on the Syrian coast after the spill, with a higher concentration along the southern coast of Latakia. The thick oil (>0.1 mm) that was still on the sea surface was transferred offshore and dispersed widely in the NE Levantine between Syria and Cyprus, posing a threat to the easternmost point of Cyprus (Zodiatis et al., 2022). Also, during this period, the Turkish coast near Samandağ was affected (Zodiatis et al., 2022).

Dhavalikar and Choudhari (2023) attempted to model the Syrian oil spill using a random walk oil spill model and evaluated the accuracy of model predictions according to the Centroid Skill Score (CSS). However, this study was limited to the comparison of simulated trajectories with satellite images, lacking the quantitative assessment in spatial overlap between the modeled oil dispersion forecasts and the observed satellite images.

The present article employs satellite data and images to initiate and evaluate the results produced by a series of oil spill model simulations at the post-operational stage, of the accidental oil release from Syria’s Baniyas power plant in the NE Levantine Basin, at the end of August 2021 (Figure 1). Moreover, this study involved two widely used and state-of-the-art oil spill models, the MEDSLIK and OpenDrift models, in which simulations were performed under similar configurations and met-ocean forcings via the high-resolution hydrodynamic and atmospheric data obtained from the CYCOFOS model (spatial resolution 2 km) and the SKIRON model (spatial 10 km). In parallel, four operational runs were conducted and the predictions of these two oil spill models were compared to the respective SAR satellite images. The satellite-based evaluation of models’ performance utilized quantitative metrics with limited use in oil spill modeling, while introduced metrics used in flood hazard assessment. Section 2 describes the study area, the met-ocean conditions prevailing during the accident, the basics of the MEDSLIK and OpenDrift oil spill models, the oil spill details, the models’ configuration, and the performance metrics used to evaluate the oil spill predictions against remote sensing observations. In Section 3, the results present the analysis of satellite images and oil spill models’ outputs for the various runs. The discussion includes a comparative analysis among these models, together with an assessment of the accuracy of the results using SAR images as a benchmark and comparing model outputs according to a series of performance metrics. Finally, our conclusions are drawn in Section 4.




2 Methodology and data



2.1 The Baniyas power plant oil spill

As reported by REMPEC, after receiving official notification from the Syrian Ministry of Environment, a total of 12,000 tons of crude oil were spilled from the fuel tanks of the Baniyas power plant (PP) in Syria in the NE Levantine Basin (Figure 1) at around 10:00 GMT on August 23, 2021. It is important to note that the oil spilled at sea from the Baniyas PP is of a similar order of magnitude to the oil pollution from the Jieh power plant in Lebanon in mid-July 2006 (Lardner et al., 2006; Coppini et al., 2011). Members of MONGOOS, including CMCC, ORION, and Orbital EOS, provided daily oil spill predictions using satellite remote sensing SAR data from August 25 to September 12, 2021, as part of the MONGOOS-REMPEC agreement, which aims to provide operational oil spill predictions in case of major pollution incidents in the Mediterranean Sea. At the post-operational stage, several modeling simulations were carried out using the MEDSLIK and OpenDrift Lagrangian oil spill models in order to study in detail the spill development, which will be presented in the current article.




Figure 1 | Physiography of the East Levantine basin, showing the Baniyas PP and other locations affected by the Baniyas PP oil spill between the late August and early September 2021.






2.2 Study area and met-ocean conditions

The Levantine Basin is the second-largest basin in the Mediterranean Sea. It is surrounded to the north by Asia Minor (Turkey), to the east by the Middle East (Israel, Lebanon, and Syria), and to the south by the North African coast (Egypt and Libya). The Levantine basin is divided into several sub-basins, including the Rhodes, Antalya, Cilicia, and Lattakia basins. The main elevated bathymetric features are the island of Cyprus, which is located in the northeast corner of the region and the sill elevation of the Eratosthenes Seamount (SM), located south of Cyprus. The basin communicates with the rest of the Eastern Mediterranean Sea through the wide Cretan passage and with the Aegean Sea through the eastern Cretan Arc Straits.

The in-situ data gathered over the last three and a half decades, since the mid-1980s, from dozens of hydrographic campaigns (Hecht et al., 1988; Brenner, 1989; Robinson et al., 1992; Brenner, 1993; Zodiatis et al., 2005; Zodiatis et al., 2016b; Zodiatis et al., 2023), along with data provided by the SeaDataCloud climatology2 and the reanalysis from the Copernicus Mediterranean Monitoring and Forecasting Center (Simoncelli et al., 2019; Pinardi et al., 2015), have all provided insight on the dominant, meso-scale coherent circulation features of the Levantine basin. In the NE Levantine, particular in the Lattakia basin, where the Baniyas PP oil spill was widely spread, the spatial temporal fluctuation of the Lattakia eddies (cyclonic and anticyclonic) between Cyprus and the Lebanon-Syrian coastlines regulates the northward water transport into the Cilician basin.

The sea surface circulation pattern between Cyprus and Syria during the examined period was dominated by two anticyclonic eddies and one cyclonic eddy and a northward jet flowing between the eddy’s boundaries, while along the Syrian coastline in the vicinity of the Baniyas PP, the sea surface currents were generally of northward direction (Figure 2).




Figure 2 | The CYCOFOS sea surface currents, (A) on August 26, 2021, (B) on August 27, 2021, (C) on August 30, 2021, and (D) on September 3, 2021.



In summer periods, the SW winds usually dominates in the Levantine basin, while in the most eastern part of the Levantine, between Cyprus and the Middle East coastline, the winds turn southerly. The SKIRON forecasts in the sea area between Cyprus and Syria showed calm wind conditions from August 23 until August 28, 2021, while later, southerly light breeze to gentle breeze winds prevailed (Figure 3).




Figure 3 | SKIRON forecasts predicted the calm wind conditions to prevail from (A) August 23 to (B) August 28, 2021 and southerly light to gentle breeze winds to prevail from (C) August 29 to (D) September 7, 2021.






2.3 The basics of the MEDSLIK and OpenDrift oil spill models

MEDSLIK is a 3D Lagrangian oil spill model that has been successfully used for more than 20 years to simulate the transport and fate of oil spilled at sea in deterministic and stochastic modes (Lardner et al., 1998; De Dominicis et al., 2013a; Lardner and Zodiatis, 2016; Zodiatis et al., 2021). In the model framework, the oil slick is discretized into constituent particles. Randomized diffusion is applied to account for the sub-grid processes that are not resolved in the meteo-oceanographic models. Two types of the horizontal diffusivity representation are offered, constant coefficients and the Smagorinsky parameterization (Smagorinsky, 1963). The oil transformation processes are calculated by means of the bulk formulae, which describe the changes in the surface oil volume due to three main processes, known collectively as weathering: viscous-gravity spreading, evaporation, and natural dispersion. The formation of water-in-oil emulsion is also taken into consideration. If an oil particle arrives on the coast, the model simulates the adsorption of particles into the coastal environment, taking into account the probability that oil may be washed back into the water.

The model runs the oil spill scenarios according to the initial information about the starting spill location and date, type of the oil, the oil volume or spill rate and duration. In addition, the outputs include information for defensive measures like, for example, booming, skimming, and spraying dispersants on the surface oil slick (Lardner and Zodiatis, 2017). At each time step, MEDSLIK simulates the geographical coordinates of particles and oil concentrations at the sea surface, in the water column, and on the coast. The model uses an oil database composed of 225 types of the oil provided by REMPEC. For MEDSLIK, the default parameters are specified in De Dominicis et al. (2013a).

Moreover, MEDSLIK was operationally used during the largest oil pollution incident in the Eastern Mediterranean to date, i.e., the Lebanese oil pollution crisis, in summer 2006, at the request of the European Civil Protection and REMPEC (Lardner et al., 2006; Coppini et al., 2011; Neves et al., 2015). Besides, MEDSLIK has been validated through SAR satellite images, such as SENTINEL, RADARSAR, and previously ENVISAT received from EMSA-CSN or from European Space Agency (ESA) portals, by Zodiatis et al. (2012). Model predictions were obtained using CYCOFOS high-resolution ocean fields that were compared to those obtained using the lower-resolution MFS hydrodynamics, and both were validated against satellite observations (Coppini et al., 2011). In addition, MEDSLIK has been implemented in numerous test cases in the Levantine basin (Lardner et al., 2006; Alves et al., 2015; Zodiatis et al., 2021; Liubartseva et al., 2022), in the Black Sea (Zodiatis et al., 2012) and in the Red Sea (Hoteit et al., 2021).

OpenDrift3 is a Python-based trajectory framework (Dagestad et al., 2018), developed at the Norwegian Meteorological Institute, that includes a component of an open-source oil-spill transport and fate model called OpenOil (Röhrs et al., 2018). This model combines algorithms with a number of physical processes, such as advection and spreading, evaporation, dispersion, including the wave entrainment of oil (Li et al., 2017), vertical mixing caused by ocean turbulence (Visser, 1997; Li et al., 2017), resurfacing of oil due to buoyancy (Tkalich and Chan, 2002), and emulsification of oil properties (Lehr et al., 2002; Li et al., 2017). The physics of the model are therefore very sensitive to the specification of the oil droplet size distribution, because resurfacing is parameterized based on oil density and droplet size using the Stokes Law (Hole et al., 2018; Hole et al., 2019). The open-source, Python-coded ADIOS Oil Library (Lehr et al., 2002) with 1,000 different oil types is used to obtain the oil properties for OpenOil (Dagestad et al., 2018). For OpenDrift, the default parameters are specified in Dagestad et al. (2018). Moreover, MET Norway makes use of its own, in-house, high-resolution ocean-circulation and meteorological models to produce operational oil-spill forecasts with OpenOil (Röhrs et al., 2018). The model does, however, allow coupling with forecasts of coarser resolution from CMEMS (Copernicus Marine Environmental Service), FVCOM, SHYFEM, CYCOFOS, HYCOM, and Norshelf for ocean state and hydrodynamics, as well as NOAA, ECMWF, and SKIRON wind fields, with netCDF and many other file formats (Keramea et al., 2023a).

In Norway, OpenOil has been operationally used as a search and rescue model and for the contingency planning for oil spills (Hole et al., 2018; Hole et al., 2019), as well as for drifter and oil slick observations in the North Sea (Jones et al., 2016; Röhrs et al., 2018). In addition, the Norwegian Sea (Röhrs et al., 2018), the Gulf of Mexico and the Cuban coast (Hole et al., 2019; Androulidakis et al., 2020; Hole et al., 2021), the Thracian Sea (Keramea et al., 2022), and the Caribbean Sea (Devis-Morales et al., 2022) are just a few locations where the OpenOil has been used.




2.4 Post operational oil spill models’ configuration and simulations

In this work, four consecutive daily runs were performed to simulate the transport and fate of the Baniyas PP oil spill, that spread offshore from August 29 to September 9, 2021, in the NE Levantine. Each simulation attempted to forecast the extent of the oil spill pathway three days ahead from the commencement day. Initially, 20,000 oil particles were positioned within the polygons acquired from the first SAR image. Both the MEDSLIK and OpenDrift models were coupled with winds obtained from SKIRON, which contained hourly data with 10 km resolution. In addition, both models were coupled with hydrodynamic data from the Cyprus Coastal Ocean Forecasting and Observing System (CYCOFOS) database, which contains 6-hour data with a 2 km spatial resolution. A series of consecutive runs were executed by both models with the above-described forcings. At the end of each run, the slick’s location and coverage were obtained. Slick’s location was corrected based on SAR image and was considered as the initial condition for the next model run. In this work, each run is independent and utilizes initial conditions from newly collected SAR images, representing slick’s location and expansion at the beginning of each run, under common met-ocean forecasts produced from the above hydrodynamic and atmospheric models. The configuration characteristics of the consecutive runs are summarized in Table 1.


Table 1 | Configuration characteristics for the four MEDSLIK and OpenDrift post operational runs.






2.5 Post operational models’ performance metrics

At the end of each model run, the MEDSLIK and OpenDrift results were assessed by comparing the actual oil slick extend, as recorded by the consecutive SAR images, and the forecasted coverage, produced by both models. Four basic performance metrics were established for this validation purpose. The first three metrics have been extensively used in flood modeling, comparing the area coverage of flood model results to satellite images (Wing et al., 2017), while the last has been only recently introduced in oil spill modeling (Dearden et al., 2022).

The first is the Success Rate (SR), defined as:

	

where the overlapped area is defined by the common coverage between the SAR-derived and the modeled spill, and the total actual area is the SAR-derived area coverage. SR ranges from the worst case of 0 (none of the SAR-derived spills are covered by the model) to the best case of 1 (all of the SAR-derived spills are covered by the model). Note that SR does not consider those areas of the modeled spill that are outside of the actual spill extent.

The second metric is the Failure Rate (FR), defined as:

	

where the non-overlapped area is defined by the non-common coverage between the SAR-derived and the modelled spill, and the total modelled area is the spill extend produced by both models. Similarly, FR ranges from the best case of 0 (none of the modelled oil spill extent is outside of the actual spill extent) to the worst case of 1 (all of the modelled oil spill extent is outside of the actual spill extent).

In addition, the Critical Success Index (CSI) is a composite measure that combines both SR and FR metrics, which allows for a more inclusive comparison of the spill extent prediction performance. It is computed by dividing the overlapped area by the total area defined by the actual and modeled spill coverage, as:

	

CSI ranges from the worst case of 0, showing no match between the actual and modelled spill extents, to the best case of 1, which shows the perfect match between the actual and modelled spillages.

Finally, the Centroid Skill Score (CSS) index determines the proximity in the centroids between the predicted by the model and the observed in the SAR image oil spill (Liu and Weisberg, 2011). Firstly, the initial centroid displacement index CI is computed in order to calculate the CSS index:

	

where Δx is the distance between the geometric centers (centroids) of the actual oil spill area in the SAR-derived and modeled oil spill shape at a specific time instance.   is the distance along the diagonal of a bounding box enclosing the reported oil spill zone. As a result, CI is merely a measure of the absolute inaccuracy in predicting the centroid location, and CSS is defined as:

	

	

where   is a tolerance threshold chosen by the user. In this work we selected  , indicating that, for the model to be valid, the distance between the observed and predicted centroids must not exceed the magnitude of the observed length scale.





3 Satellite observations and model-based predictions of the spill movement and fate



3.1 Operational response to the Baniyas PP oil spill

SAR images and data were obtained from EMSA-CSN warning reports in the XML file format and optical satellite OLI-Landsat images—from ESA. Although the oil spill from the Baniyas PP occurred on August 23, 2021, the closer chronologically remote sensing SAR images verifying the oil leakage were obtained at 03:43 GMT and at 15:33 GMT on August 24, 2021, showing the oil spill spreading northward along the Syrian coastline up to Jableh, approximately 7–15 nm, respectively (Figures 4A, B). A day later, at 03:34 GMT on August 25, 2021, the oil spill spread further north (Figure 4C), due to the influence of the coastal sea currents.




Figure 4 | The first SAR image confirming the oil spillage from the Baniyas PP was obtained on August 24, 2021, at 03:43 GMT (A) and 15:33 GMT (B). SAR data was obtained at 03:34 GMT on August 25, 2021 (C). The optical satellite OLI-Landsat image obtained at 08:15 GMT on August 27, 2021 (D) shows the oil slick spreading offshore west from the Latakia coastal area due to the westward strong jet flowing between the local twin anticyclonic-cyclonic eddies. (E) The SAR image obtained at 08:16 GMT on August 28, 2021 shows the extended offshore westward spreading of the oil slick. (F) The SAR image obtained at 15:41 GMT on August 29, 2021, shows the extended bifurcated spread of the oil slick offshore between Cyprus and Syria. (SAR and OLI-Landsat images obtained from EMSA-CSN and ESA).



From 08:15 GMT on August 27 to 15:41 GMT on August 29, 2021, the remote sensing satellite images revealed that while the oil spill was washed up south of the Lattakia coast, part of the remaining sea surface emulsified oil was spread offshore westward as a stream (Figures 4D, E), and therefore it was widely spread in the NE Levantine between Syria and Cyprus (Figure 4F). The fast westward spread of the emulsified oil spill was the combined result of the dominant westward strong currents (Figures 5A, B), generated along the southern and northern periphery of the local twin anticyclone-cyclone eddies, and of the short temporal moderate breeze winds (7 m/s), with a SE-South direction that prevailed early in the morning on August 27, 2021, near the coastal area of Latakia city. The breeze wind was responsible for the initial re-entering of the beached oil at sea from the coastal area of Latakia city, while the strong westward current transferred the oil spill offshore. There, the spillage was bifurcated to the north and south directions, under the influence of the western peripheries of the twin anticyclonic-cyclonic eddies dominating the area. Oil pollution was threatening the Cape of Apostle Andreas, at the most eastern tip of Cyprus, and later the SE coast of Turkey.




Figure 5 | (A) The first MEDSLIK operational oil spill predictions from 25 to 28 August 2021 using the SAR data obtained at 03:34 GMT of the 25th August 2021 (Figure 4C). (B) The CYCOFOS sea surface currents on August 27, 2021, showing the strong westward boundary current at the latitude of the Latakia city coastline, as a result of the dynamic interaction between the Lattakia eddies (anticyclonic and cyclonic).



The first operational Baniyas PP oil spill simulation was carried from 25 to 28 August 2021, using the satellite remote sensing SAR data derived at 03:34 of the 25 August 2021 (Figure 4C). The oil spill predictions showed that most of the oil spill was washed up on the Syrian coast on the 27 August 2021 (more than 55%), while more than 40% was evaporated. The south coast of Latakia city was particularly heavily impacted.

An optical satellite OLI-Landsat image obtained at 08:15 UTC on the 27 August 2021 (Figure 4D) shows that part of the remaining sea surface emulsified oil (less than 3.5%) together with oil that re-entered the sea after it was washed on the broader Lattakia coast, was spread offshore westward. The fast westward spread of the emulsified oil spill resulted from the westward strong surface current, generated along the southern and northern periphery of the local anticyclone and cyclone eddies, respectively, while the short breeze SE wind was responsible for the initial forcing of the slick to re-enter the sea.

The above assumption was verified by the SAR image obtained at the 15:41 on the 29 August 2021 (Figure 4F), showing that the oil spill was not only widely spread westward in the NE Levantine between Syria, Cyprus and Turkey, but was bifurcated to the north and to the south directions, under the influence of the western peripheries of the local anticyclonic and cyclonic eddies. The extended spread of the emulsified oil spills in the NE Levantine, as it was documented by the SAR images, depicted that the oil spill was re-circulated by the local anticyclone eddy. Part of the oil was re-landed on the Syrian coast and part of it was washed up to the Turkish coast near Samandağ, under the increased southerly wind force. The model-predicted oil beaching onto the Samandağ coastline was confirmed by the local media. After the 6th September, the emulsified oil spill was progressively dispersed under the increased wind-wave action.

The superimposed SAR images from August 25 to September 5, 2023 (Figure 6A) show that the evolution and extent of the offshore oil spills were forced mainly by the dominant flow features of the area, thanks to the calm winds. Therefore, the oil spills after their offshore travel, were re-landed on the Syrian coast, mostly at the broader Lattakia coastal area (Figure 6B). Moreover, only the partially emulsified oil was washed up on the southern coast of the Cape Apostle Andreas in Cyprus and along the coastal zone of Turkey, located to the north of Lattakia (Figure 6C).




Figure 6 | (A) Time evolution of the oil spill from August 25, 2021, to September 5, 2021, according to nine SAR satellite images. (B) Time evolution of the MEDSLIK operational predictions after 48 hours, from August 30, 2021 to September 5, 2021, initiated with the corresponding SAR images. (C) Time evolution of the OpenDrift operational predictions after 48 hours, from August 30, 2021 to September 5, 2021, initiated with the corresponding SAR images.






3.2 Post operational intercomparison scenarios between the MEDSLIK and OpenDrift predictions

Seven SAR images from Sentinel 1, detecting the offshore extent of the emulsified oil spill, were utilized for the purpose of the current metric analysis and the relevant oil spill simulations performed by MEDSLIK and OpenDrift models, using the SAR images obtained on: 29/08/2021 at 15:41 GMT, 30/08/2021 at 03:42 GMT, 31/08/2021 at 08:50 GMT, 01/09/2021 at 08:03 GMT, 02/09/2021 at 08:30, 03/09/2021 at 11:00 GMT, and 05/09/2021 at 15:33 GMT. Each XML file was associated with one specific satellite image and contained information for various oil slicks, each of which had multiple oil patches. Additionally, distinct XML files for each cohesive group of changes that probably belonged to the same package were provided.



3.2.1 Control run

To examine the level of convergence between the MEDSLIK and the OpenDrift oil spill predictions, a control run was initially carried out, using not only the same met-ocean data, but also the same horizontal diffusivity coefficient of 2 m2/s (Figure 7A). The SAR image of August 29, 2021, at 15:41 GMT was used to initiate the oil spill predictions for 12 hours ahead to make them comparable with the SAR image of August 30, 2021, at 03:42 GMT. The comparison of the predicted extent and the area coverage of the oil spills between the two models is shown to be fairly good (Figure 7A). Nevertheless, both models exhibited certain discrepancies, compared to the SAR-derived oil spill extent. After several tests, MEDSLIK showed better convergence with the SAR image of August 30, 2021, at 03:42 GMT, when using spatio-temporal variation in the horizontal diffusivity, based on the Smagorinsky approximation (Smagorinsky, 1963) (Figure 7B). In the following inter-comparison between the two models and between models and SAR images, MEDSLIK used non-constant horizontal diffusion, contrary to OpenDrift.




Figure 7 | (A) Comparative analysis between MEDSLIK and OpenDrift models (area extend) using the same met-ocean data and same horizontal diffusion, and (B) with satellite data on August 30, 2021, at 03:42 GMT, after 12 hours of simulations initiated with the SAR image on August 29, 2021, at 15:41 GMT, using the same met-ocean data but the different horizontal diffusion. The green color is the MEDSLIK predictions, the brown color is the OpenDrift predictions, and the black color is the SAR data.






3.2.2 Intercomparison runs between the oil spill models

The first oil spill models’ run was initiated using the satellite image of August 29, 2021, at 15:41 GMT. The hourly oil spill predictions lasted until September 1, 2021, at 15:41 GMT. In general, the predictions from both models after 72 hours are very close and similar (Table 2). The main difference between the predictions of these two models lie at the western part of the oil spill, where according to OpenDrift, the oil spill was directed further south, along the southern peninsula of Karpasia (Cyprus), while according to MEDSLIK this movement was restrained. The eastern part of the oil spill seems to be directed northwards of Lattakia, according to OpenDrift, which is not the case in MEDSLIK’s prediction. Moreover, both models appear in agreement that the higher portion of oil remains on the sea surface and even seems to break into two parts, moving towards the northern and southern coasts of the Karpasia peninsula (Cyprus). Therefore, at the end of the three-day simulation, some particles adhered to the southern coastline of the Karpasia peninsula, while a fairly large percentage of the slick adhered to the northern and southern coasts of Syria (Figure 8A).


Table 2 | Intercomparison metrics between the MEDSLIK and OpenDrift models.






Figure 8 | (A) Oil spill simulation at the NE Levantine, between Cyprus and Syria, at the end of a 3-day simulation (starting from August 29 at 15:41 GMT to September 1, 2021 at 15:41 GMT) produced by MEDSLIK and OpenDrift models. (B) Oil spill simulation at the NE Levantine, between Cyprus and Syria, at the end of a 3-day period (from August 31, 2021, 08:50 to September 3, 2021, 08:50) produced by MEDSLIK and OpenDrift models. (C) Oil spill simulation at the NE Levantine, between Cyprus and Syria, at the end of a 3-day period (from September 2, 2021, 08:30 to September 5, 2021, 08:30) produced by MEDSLIK and OpenDrift models. (D) Oil spill simulation at the NE Levantine, between Cyprus and Syria, at the end of a 3-day period (from September 4, 2021, 03:00 to September 8, 2021, 03:00) produced by MEDSLIK and OpenDrift.



The second run was initiated using the SAR image of August 31, 2021, at 08:50 GMT, and the oil spill predictions were carried out by both models until September 3, 2021, at 08:50 GMT. As shown in Figure 8B), both models produced comparable predictions. Besides, a large part of the oil remains on the sea surface, scattered in various places, mainly over the eastern part of Cyprus. According to OpenDrift, some parts of the slick remain on the sea surface to the south of the eastern coast of Cyprus, while a very small portion appears adjacent to the eastern coast of Cyprus and the coast of Turkey. Following MEDSLIK, a significant part of oil adhered to the coasts of Latakia and Jableh. Both models predicted that part of the oil spill would be rewashed to the coast.

Moreover, the third set of simulations was initiated using the SAR images collected on September 2, 2021, at 08:30 GMT. The oil spill predictions were carried out until September 5, 2021, at 08:30 GMT. In this run, the predictions of both models after 72 hours tend to follow the same shape with minor differences. The largest part of the oil adhered to the southeastern coasts of Turkey, while a very small part adhered to the most eastern part of Cyprus. Also, a significant portion of oil was re-washed on the north coast of Latakia, according to MEDSLIK. On the other hand, a small part of the oil remains at the sea surface, south of the eastern coastline of Cyprus, north towards the coasts of Erdemli and Atakent, as well as further east towards the coasts of Adali (Figure 8C).

Finally, the fourth simulation was initiated using the SAR image on September 4, 2021, at 11:00 GMT, producing oil spill predictions until September 5, 2021, at 08:30 GMT. In this run, as shown in Figure 8C, the two models depicted almost similar predictions, after 72 hours from the simulation start. It can be observed that after 3 days of simulation, the largest part of the oil spill was floating on the sea surface and moved towards the eastern coast of Turkey, in the NE Levantine. Thus, part of the oil spill was beached on the coast of Turkey near Karatas. On the other hand, a significant portion of the oil slick was adhered to the southeast coast of Turkey near Antakya, as shown by the OpenDrift, and a small portion of the oil was re-washed near the coast of Latakia in Syria, according to MEDSLIK (Figure 8D).

To ascertain the convergence of the predicted oil spill, extend, and geo-coverage of the two models, the metrics of four indicators were estimated, i.e., the success rate (SR), the failure rate (FR), the critical success index (CSI), and the centroid skill score (CSS) for the four inter-comparison scenarios between MEDSLIK and OpenDrift model results (Table 2).

Based on the estimated inter-comparison metrics between the MEDSLIK and the Open Drift predictions at the end of the first run, it appears that the convergence rate in the oil spill extend approaches 84% in the success rate for both runs with constant and non-constant horizontal diffusivity. For the second simulation period, despite the fact that the convergence rate of the two models is approximately 58%, the centroid skill score index (CSS = 0.90) remains very good. Similarly, for the third run, the convergence rate reaches 65% with a very good centroid skill score index of 0.83. Finally, for the fourth simulation period, the two models exhibit very low convergence (~ 26%), even though the centroid skill score index is rather good (CSS = 0.72). Therefore, in general, the two models reveal quite comparable predictions, having mostly high convergence rates and centroid skill scores, even though MEDSLIK used the variable horizontal diffusion, compared to the constant value used in OpenDrift.





3.3 Intercomparison of MEDSLIK and OpenDrift’s predictions against satellite SAR observations

In this section, the intercomparison between the predicted oil spillages reproduced by the two oil spill models (MEDSLIK and OpenDrift) is evaluated against the corresponding satellite SAR images using the four indices applied previously.

Comparative analysis of the MEDSLIK and OpenDrift oil spill extends against the SAR image on August 30, 2021, at 03:41, i.e., after 12 hours of simulation for the first period, illustrates that both models predict closely to each other, and at certain areas, their oil spill extends were overlaid on each other (Figure 7B). In addition, it is observed that their oil spill extent is very well convergent with the SAR satellite image (Figure 7B). This is indicated by the corresponding indicators in Table 3; SR and FR indices reveal that the convergence rate of both MEDSLIK and OpenDrift with the satellite image is around 33%. This reveals that, aside from the CSS index, model runs with variable horizontal diffusivity performed better in terms of statistical metrics. Furthermore, the Critical Success Index (CSI) depicts much lower value for both models (15%–16%) for first run. On the other hand, the CSS index is very high for both models (CSS = 0.89 for MEDSLIK and CSS = 0.86 for OpenDrift), when compared to the SAR image collected on August 30, 2021, at 15:41.


Table 3 | Comparison indicators for the MEDSLIK and OpenDrift predictions against the satellite SAR data.



Discrepancies between MEDSLIK and OpenDrift model outputs and the SAR-derived slick may be attributed to: a) the rather low temporal resolution (6 hourly) of the complex hydrodynamic field (cyclonic and anticyclonic eddies and jets forcing the oil spill), b) the limited knowledge of the exact oil properties and oil weathering processes, where a portion of the oil may have evaporated or emulsified, thus remaining undetected, c) oil patchiness, and the sinking and resurfacing of oil patches, affecting the shape and the center of gravity of the slick. Such patches cannot be simulated by the model and when sank cannot be detected by SAR, lowering models’ performance metrics.

The comparative analysis of the MEDSLIK and OpenDrift oil spill extends against the SAR image of September 1, 2021, at 08:03, i.e., after 24 hours of simulation in the second run, which was initiated with the SAR image on August 31, 2021, at 08:50 GMT, shows that both model predictions are very close to each other. At certain areas, the predicted oil spills were overlaid on each other (Figure 9). In addition, it is observed that the simulated oil spill is partially convergent with the SAR satellite image, obtained after 24 hours (Figure 9). This is indicated by the corresponding indicators in Table 3, where for the second simulation period, the SR and FR indicators reveal the convergence rate of MEDSLIK is 39% and for OpenDrift is 31%. In parallel, the Critical Success Index (CSI) seems to be rather low for both models (24% and 17%, respectively). On the other hand, the CSS index is very high for both models (CSS = 0.90 and CSS = 0.89, respectively).




Figure 9 | The comparative analysis of the MEDSLIK- and OpenDrift-based oil spill extends against the SAR image of September 1, 2021, at 08:03, after 24 hours of simulation of the first run (initiated with the SAR image of August 31, 2021, at 08:50). The red color expresses the results of OpenDrift, the green color indicates the results of MEDSLIK, and the black color is satellite data.



In the third simulation period, the satellite image obtained on 3/09/21 11:00 and the associated MEDSLIK and OpenDrift results were used for inter-comparison. It is noticed that the oil spill coverage produced by both models was rather similar (Figure 10). This is also shown by the indicators, as their convergence rate is 65%, according to the success rate (SR), while their centroid skill score index (CSS = 0.83) is rather good. The inter-comparison of the two oil spill models (MEDSLIK and OpenDrift) against the SAR image, after 25 hours of simulation (initiated with the SAR image of the 02/09/2021 at 08:30), seems to be fairly good, with the convergence rate of 36% for both models, with a high CSS index of 0.83 for MEDSLIK and 0.78 for OpenDrift.




Figure 10 | The comparative analysis of the MEDSLIK- and OpenDrift-based oil spill extends against the SAR image on September 3, 2021, at 11:00, after 25 hours of simulation of the third scenario (initiated with the SAR image of September 2, 2021, at 08:30). The red color expresses the results of OpenDrift, the green color indicates the results of MEDSLIK, and the black color is satellite data.



Finally, in the fourth simulation run the satellite image on September 5, 2021, at 15:33 and the associated MEDSLIK and OpenDrift results were inter-compared. It is noticed that the predicted oil spill coverage after 31 hours of simulation (initiated with the SAR image of 04/09/2021 at 08:09) do not match well. (Figure 11). This is also highlighted by the indicators in Table 3, as their convergence rates are 33% and 20%, respectively, according to the Success Rate (SR). Moreover, it is observed that the results of the two oil spill models show some deviation compared to the satellite image (Figure 11). The CSS index is generally high for MEDSLIK and OpenDrift (CSS = 0.71 and 0.60, respectively).




Figure 11 | The comparative analysis of the MEDSLIK- and OpenDrift-based oil spill extends against the SAR image on September 5, 2021, at 15:33, after 31 hours of simulation of the third scenario (initiated with the SAR image of September 4, 2021, at 08:09). The red color expresses the results of OpenDrift, the green color indicates the results of MEDSLIK, and the black color is satellite data.



It is worth mentioning that the CSS values of 0.60–0.90 demonstrate a rather good performance skill in comparison with the Ulysse-Virginia oil spill (the North-Western Mediterranean, 2018), where CSS varied 0.5–0.7 (Liubartseva et al., 2020) and the previous test cases (Liu and Weisberg, 2011; De Dominicis et al., 2014; Ribotti et al., 2019). This confirms that the model performance is progressively improving.





4 Conclusions

The Baniyas PP incident in August–September 2021 is considered the second biggest oil pollution incident in the Eastern Mediterranean Levantine basin, and it was of the same order of magnitude as the one caused by the Jieh PP during the Lebanon oil pollution crisis in July 2006.

For the first time, the Baniyas PP oil spill trajectories and expansions were simulated with the MEDSLIK and the OpenDrift oil spill models and comprehensively analyzed at the post operational stage. The modeling was performed under the same high-resolution met-ocean forcings and configurations (CYCOFOS and SKIRON). Model results were used to evaluate the 3-day forecasted location and extent of the oil spill compared to the respective SAR images, obtained in 12, 24, 25, and 31 hours after the initialization of the oil spill models.

Thus, this work introduces and highlights four suitable, satellite-based quantitative performance metrics (SR, FR, CSI, CSS) to evaluate the spatial overlap from the outcomes of the two oil spill models against SAR satellite observations. The performance metrics quantified the predicted extent from the two oil spill models, showed that: a) the success rate (SR) remains unchanged at fair levels of agreement in all runs of both the MEDSLIK and OpenDrift models, ranging between 0.31–0.39, b) the failure rate (FR) varies between 0.61 and 0.95, among consecutive simulations, c) the critical success index (CSI) reveals rather low values (0.04–0.24), and d) the centroid skill score (CSS) reaches rather high levels, between 0.60 and 0.90. The progressive CSS increase in the oil spill history reveals that oil spill modeling skills are constantly improving. Overall, the estimated metrics for the MEDSLIK oil spill extent in all simulations appeared slightly better than those of OpenDrift, attributed to the fact that MEDSLIK used the variable spatial-temporal horizontal diffusion, as opposed to the constant value used in OpenDrift.

Finally, it should be concluded that the high quality of the employed met-ocean forcing is the key factor explaining the fair agreement model between predictions and the SAR images in the dynamically complex NE Levantine area. Currently, working on real oil spills, we use more satellite-derived data with better quality, which, in turn, stimulates further model development.
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