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ABSTRACT

To better understand the potential consequences of future oil spill accidents in the Mediterranean Sea, extensive
Monte Carlo simulations were performed using the Lagrangian oil spill model MEDSLIK-II. Stratified sampling
was based on the hypothetical distribution of oil spill sources linked to the latest observational inventory of oil
slicks. The transport of virtual oil spills was forced by currents and winds provided by the Copernicus Marine
Service and ECMWF from 2018 to 2021. The processing of over two million virtual spill statistics provided
practical information for contingency, offshore oil production perspectives, and ecosystem protection. Oil
pollution hazard indices, expressed in probabilistic terms, were mapped on the sea surface and coastlines. Arrival
times and the percentage of beached oil were defined, computed, and represented through their probability
distributions. The Aegean Sea coastline was found to be the most impacted area, with high coastal hazard indices,
short arrival times with a median value of approximately 3.1 days, and significant beached oil fractions of around
30 %. In contrast, the Ionian Sea, Central Mediterranean, and Levantine Sea showed relatively low hazard
indices, longer arrival times, and smaller beached oil percentages, due to the high dissipative properties of these
subbasins. These hazard indices could be incorporated into a multi-hazard assessment and aid in risk assess-
ments. The arrival time and beached oil fraction statistics could be used to plan the development of offshore oil
production fields and to minimize the risks of maritime oil transfer activities.

1. Introduction

pollution, recently reported by SkyTruth Cerulean,’

negative picture.

also presents a

The negative effects of oil spills on marine life, including plankton,
fish, marine birds, turtles, and mammals, can be devastating and long-
lasting. Spilled oil emits toxic volatile chemicals into the atmosphere,
fouls shorelines, and destroys commercial fisheries, aquaculture, and
shellfish beds (ITOPF, 2014a, 2014b; Barron et al., 2020). Oil-associated
heavy metals can enter the food chain, accumulating in tissues and
poisoning biota (Sharma et al., 2024). Moreover, oil spillages can also
seriously affect human health (e.g., Landrigan et al., 2020).

The petroleum hydrocarbon contamination is compounded by the
recent inventory by Dong et al. (2022), who revealed that the present-
day anthropogenic contribution to marine oil pollution may have been
substantially underestimated. The Mediterranean’s chronic oil

* Corresponding author.
E-mail address: svitlana.liubartseva@cmecc.it (S. Liubartseva).

Furthermore, the recent extreme oil spill in the Black Sea (over 3000
tons of heavy fuel oil near the Kerch Strait, December 2024) revealed a
deficiency in oil drift predictions and a general unpreparedness of the
competent authorities.

In response to the current understanding of the harmful effects of
pollution caused by petroleum hydrocarbons, the NECCTON project has
incorporated oil spill simulations into its integrated model-based
approach, which combines pelagic, benthic, and nekton biogeochem-
ical cycles with pollutants as environmental stressors. The project
transcends disciplinary boundaries by exploring new data streams.

The NECCTON-2023 stakeholder survey showed that ~34 % of re-
spondents from 84 representatives from 45 countries declared their

! https://skytruth.org/wp-content/uploads/2024,/04/SkyTruth_Mediterranean_Analysis_2024.pdf (Accessed online: January 2025).
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interest in oil pollution-related products. Consequently, the project aims
to provide two oil pollution hazard indices: at the sea surface and on the
coastline. The Monte Carlo technique was used to compute the oil
pollution hazard indices for the entire Mediterranean basin for the first
time. This is in line with a Digital Twin Ocean” concept, which neces-
sitates the digitalization of our knowledge of the ocean.

Monte Carlo simulations rely on repeated random sampling
controlled by predefined rules and subsequent statistical analyses. The
approach is commonly used in oil spill modeling to investigate uncertain
scenarios and effectively conduct stochastic process simulations. This
technique has been applied to a wide variety of management tasks. The
methodology postulates that oil spill scenarios and meteo-
oceanographic conditions in the past were, in a broad statistical sense,
similar to those that could occur during future spillage accidents (Price
et al., 2003). By randomly sampling a large number of individual tra-
jectories, reliable statistical estimations can be obtained that allow a
robust forecast of future pathways and the fate of oil spills (French
McCay, 2009; French McCay et al., 2017).

These assessments are designed to meet assistance needs, including
strategic decisions regarding response equipment types (oil booms,
skimmers, storage containers, chemical dispersants, and absorbents),
amounts, locations, and deployment timing. The analysis helps to guide
civil protection and clean-up. Identifying environmental and economic
resources that could be impacted by oil pollution can aid in managing
the local economy and planning to preserve biodiversity.

Many numerical models have been run stochastically to predict the
pathways of possible oil spills and analyze associated risks. Most are
related to single-point sources, although the distributed sources have
also been modeled. For the Mediterranean Sea, the first attempt was by
Pizzigalli et al. (2007), who focused on the dispersal pathways of the
idealized particles sampled uniformly over the entire basin. Olita et al.
(2012) investigated the oil spill sources along the tanker shipping routes
in the Strait of Bonifacio for the shoreline risk assessment in the coastal
archipelago. Quattrocchi et al. (2021), who implemented a dedicated
web-based application, used a similar approach focusing on two
important harbors in Sardinia. Virtual oil spills have been sampled in the
Port of Taranto (southern Italy), an essential strategic hub in the Euro-
pean logistic chain (Liubartseva et al., 2021).

In response to growing gas and oil exploration and production in the
Israeli Exclusive Economic Zone, stochastic simulations of possible oil
spills were initiated from oil platforms, pipelines, single-point buoy
moorings, and shipping routes (Goldman et al., 2015). Hazards poten-
tially impacting the Sicily coasts regarding offshore oil spills were
assessed by Melaku Canu et al. (2015). The authors showed how impacts
can be substantially reduced by promptly implementing mitigation
strategies. Similarly, oil pollution hazard indices and occurrence prob-
ability indices were computed for the oil production platforms in the
Mediterranean (Olita et al., 2019). The potential impact of oil spills
around Cyprus was modeled by Souza et al. (2023).

In planning our simulations, we primarily followed the Oil Spill Risk
Analysis (OSRA) model, which has been run by the Bureau of Ocean
Energy Management (BOEM) since the 1970s (Smith et al., 1982; Price
et al., 2003; Li et al., 2021). The objective of this tool is to calculate the
probability of potential oil spills impacting environmental and economic
resources based on various spill scenarios before leasing. The occurrence
of oil spills has been fundamentally postulated as a matter of probability,
which is affected by multiple uncertainties. External forcing, including
ocean currents, waves, and wind, have been identified as the key
players.

With enormous spatial coverage of up to thousands of kilometers and
a timescale of several decades, OSRA requires substantial computational
resources and uses fast and efficient algorithms. The latest developments

2 https://digitaltwinocean.mercator-ocean.eu (Accessed online: November
2024).
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additionally provide the return period of a catastrophic oil spill on the
US outer continental shelf and the probability of oil spill contact with
vulnerable resources (Ji et al., 2021).

Due to the lack of reliable statistics in the Mediterranean (Polinov
etal., 2021), we were unable to evaluate the return period for large-scale
hydrocarbon spills by applying extreme value theory as was done with
OSRA (Ji et al., 2021). However, we sampled virtual oil spills using the
oil spill model MEDSLIK-II, in contrast to OSRA, which uses simplified
particle tracking. By mobilizing comprehensive computational re-
sources, we fill the gap in oil pollution hazard mapping in the Medi-
terranean basin. For the first time, virtual spills were sampled from long-
term observational statistics (Dong et al., 2022). In addition to the
hazard indices, we computed maps of the arrival times and beached oil
fractions, which could have a wide range of practical applications.

The paper is structured as follows: Section 2 describes the MEDSLIK-
IT oil spill model and the operational meteorological and oceanographic
datasets used. Section 3 introduces a virtual spill scenario based on the
historical HAVEN oil spill accident, presents the Monte Carlo algorithm,
and details the hazard calculations. Section 4 reports the results ob-
tained. This is followed by a discussion of the method’s strengths, un-
certainties, and limitations in Section 5. Finally, Section 6 provides a
summary of the key findings and their possible applications.

2. Models and data
2.1. The oil spill model: MEDSLIK-II

The MEDSLIK-II® Lagrangian oil spill model (De Dominicis et al.,
2013a) is a free-access community model that has been successfully used
for over 12 years to simulate the transport and fate of oil spills. A full list
of the published MEDSLIK-II applications can be found on the corre-
sponding website.

In the model framework, the oil slick is divided into constituent
particles. The problem is represented by stochastic differential equa-
tions, which take into account the advection of particles by currents,
wind (the so-called wind drift), and waves (De Dominicis et al., 2013a).
External oceanographic and atmospheric models or observations pro-
vide data on these drivers. Turbulent diffusion is represented as a three-
dimensional random walk process. Three states of a particle are
considered: floating on the sea surface, dispersed in the water column,
and attached to the coastline or beached. For a given particle, the state
transition is governed by oil transformations in the environment.

These transformations are computed through bulk formulae, which
formalize the changes in thick and thin oil volumes 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 considered. The model simulates the adsorption of
particles into the coastal environment, taking into account the likeli-
hood of being washed back into the water.

With MEDSLIK-II, we computed the geographical coordinates of
particles at each time step. By binning the particles of each state, we
obtained oil concentrations at the sea surface, in the water column, and
along coastlines.

The components of the oil mass balance were calculated and repre-
sented as functions of time. The model enables oil types to be selected
from the Regional Marine Pollution Emergency Response Centre for the
Mediterranean Sea (REMPEC) database, which contains 225
constituents.

Being initially designed for short-term runs (De Dominicis et al.,
2013a), the MEDSLIK-II code required customization to cover the entire
Mediterranean with 25-day simulations. Consequently, photochemical
oxidation and bacterial biodegradation needed to be parameterized. For
computational optimization, we employed a simplified first-order oil

3 https://www.medslik-ii.org (Accessed online: January 2025).
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decay term as follows:

dvi _avi® o avi dvel o
dt dt | dt |p dt | @
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t ) t tls
where VX and V™V are the oil volumes of the thick and thin parts of the

slick. The suffixes indicate evaporation (E), dispersion (D), and
spreading (S). The last right-hand terms describe the decay with a
constant rate of A = 0.04 day’1 (Liubartseva et al., 2024). A similar term
was used to simplify the total oil weathering over the large spatial scale
of the US outer continental shelf (Ji et al., 2021). It was also applied to
the relatively small Mediterranean subbasin when the researchers
worked with the fine-resolution unstructured computational grid, which
required considerable memory capacity (Quattrocchi et al., 2021).

We used a 1 % windage coefficient instead of the JONSWAP-based
Stokes drift to reduce the computation time required for the Monte
Carlo simulations. Applying this simplification dates back to the clas-
sical book of Kinsman (1965) but might introduce some minor biases
(<5 % in the Mediterranean), particularly, in the Gulf of Lion and south
of Crete. For optimization, we also decreased the number of Lagrangian
particles from 100,000 to 40,000 for each virtual spill. The solution
appears almost unaffected by this decision, as only a reduction of at least
two orders of magnitude could lead to a significant loss of accuracy (De
Dominicis et al., 2013b).

Notably, MEDSLIK-II, as a Lagrangian model, preserves sharp gra-
dients of oil concentration. Particle advection can be simulated with
high accuracy without any numerical diffusion. In addition, paralleliz-
ing the MEDSLIK-II simulations made the problem viable for high-
performance computing (HPC).

2.2. Meteo-oceanographic datasets

MEDSLIK-II requires sea currents, sea surface temperatures, and at-
mospheric wind data to force oil drift and weathering. The Monte Carlo
statistics critically depend on the reliability of the datasets representing
these significant drivers. In this work, we utilized the Copernicus Marine
Service products, which offer free, high-quality information that has
proven reliable in actual oil spill cases. We employed daily reanalysis
data on currents and temperatures with a horizontal resolution of 1/24°
(~4.5 km) and 141 unevenly spaced vertical levels (Escudier et al.,
2021). In-situ data from CTD (‘conductivity, temperature, and depth’,
ship measurements), ARGO floats (profiling floats), and XBT (expend-
able bathythermographs) were assimilated into the model in combina-
tion with satellite altimetry observations.

We also employed the 10-m wind datasets provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF) at a 6-h fre-
quency and a 0.125° horizontal resolution (~12.5 km in the
Mediterranean).

3. Oil spill scenario, Monte Carlo simulations, and hazard
mapping

3.1. The HAVEN oil spill as a prototype for computation

For the Monte Carlo simulations of accidental oil spills, we focused
on the historical HAVEN oil spill (off the Port of Genoa, 1991), which is
recognized as the largest shipwreck in European waters and one of the
worst oil pollution cases in the Mediterranean.

According to the historical records, on 11 April 1991, while the very
large crude carrier (VLCC) HAVEN was anchored in front of the Port of
Genoa, two explosions started a fire on the ship that was extinguished
only 70-99 h later when the HAVEN sank. At the moment of the disaster,
which killed six crew members, 144,000 tons of heavy Iranian crude oil
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and 1223 tons of fuel oil and diesel were on board. The vessel split into
three sections, one sinking close to where the anchor was located. A
large quantity of burnt oil rapidly spilt in the form of bitumen. At the
same time, currents and waves transported the rest of the cargo in the
densely populated coastal region of the Ligurian Sea.

The post-accident environmental assessment indicated substantial
injury to subtidal Posidonia/Cymodocea (seagrass) beds, the deep-sea
benthic community, and associated commercial fisheries (Martinelli
et al,, 1995). Although the International Tanker Owners Pollution
Federation Limited (ITOPF, 2014b) expected recovery within one to
three years, a restoration program initiated 12 years later revealed the
tar residuals on the seabed and the oil products still contained in the
wreck.

The HAVEN oil spill is ranked among the five major oil spill incidents
documented in the Mediterranean Sea during the 2000s (Table 1).

A simplified HAVEN oil spill scenario was used to represent the
continuous 50-h release of heavy Iranian crude oil (API* = 31) with a
200 ton hour™! spill rate, leading to a total spilled oil volume of 10,000
tons (Martinelli et al., 1995; IOPC Funds, 1991; Daniel et al., 2003;
Amato, 2003). The simulation length adopted was 25 days (600 h). We
assumed that this duration would be sufficient for the discharged oil to
evaporate, disperse, or be beached in the Mediterranean. An initial spin-
up period of 25 days was introduced, starting the virtual release of oil
from 7 December 2017, to sustain the temporal continuity of the
modeled oil concentration fields. The oil spill distributions for this
period were subsequently excluded from the statistical analysis.

3.2. Monte Carlo simulations and hazard mapping

The virtual spills were randomly sampled in time from 2018 to 2021.
Stratified sampling was conducted throughout the Mediterranean basin,
using a manual digitizing algorithm applied to a map published by Dong
et al. (2022). The workflow details are available in Fig. S1 in the Sup-
plementary material and Liubartseva et al. (2024). The four-step algo-
rithm imported the normalized area of oil slicks in a 0.1° grid, as shown
in Fig. 3B by Dong et al. (2022), into Google Earth. Next, we manually
digitized the map using a 1° grid binning. An optimal interpolation
procedure was then implemented to re-grid the previous coarse resolu-
tion results to a finer resolution of 1/24°, aligning with the corre-
sponding spatial resolution of the Copernicus Marine Service
hydrodynamics. Finally, we seeded the proportional number of virtual
spills per cell, thereby conducting the stratified Monte Carlo sampling.

Table 1
The HAVEN oil spill compared to the five most recent major oil spills in the
Mediterranean.

Source Date Location Spill Oil type

volume

HAVEN April 1991 Off the Port of ~10,000 Crude oil
explosion and Genoa (Ligurian tons
wreck Sea)

JIYYEH power July 2006 Eastern ~15,000 Heavy
plant Levantine tons fuel oil
(Lebanon)

Tanker Agia September Saronic Gulf ~2.2 tons Heavy
Zoni II wreck 2017 (Aegean Sea) fuel oil

Ulysse-Virginia October 2018 Off the Cap of ~520 tons Heavy
collision Corse (Ligurian fuel oil

Sea)

Unknown February 2021 Israeli coastlines ~550 tons Crude oil

BANIYAS power  August — Eastern ~12,000 Crude oil
plant (Syria) September Levantine tons

2021

* 0il classification by the American Petroleum Institute (API).
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An example where 10,000 virtual spill sources are sampled over the
Mediterranean is shown in Fig. 1. At least six concentration areas are
clearly visible: (1) the Mediterranean adjacent to the Gibraltar Strait, (2)
the Algerian coastal zone in the vicinity of the Port of Algiers, (3) the
Ligurian Sea maritime sector north of the Strait of Bonifacio, (4) the
bunkering areas along the coast of Malta, (5) the Otranto Strait, and (6)
the Port Said including the entrance to the Suez Canal. Dong et al.
(2022) associated these clusters with ship-induced oil pollution. Other
areas are represented by diffuse non-uniform source distributions.

In the results, a sample composed of i virtual spills, i = 1, ..., N

constitutes the hourly oil concentration fields C’l: (x,y) at the sea surface
and coastlines, where x and y are the longitude and latitude of the bin
respectively, j = 1, ..., 600 is time in hours. Each concentration field is

quantized using a simple dimensionless step-function H (C’l) defined for

each spill i at the sea surface and coastline:

1, max C\(x,y) > THR
j

H (m]ax Cl(x,y) > = ()]

0, max Cl(x,y) < THR,

where THR = 0.1 ton km ™2 denotes the threshold sea surface concen-
tration and 0.01 ton km~! on the coastline, i.e., the values that, if
exceeded, could lead to destructive events (Liubartseva et al., 2021).

The probabilities of o0il exceeding the prescribed threshold are rep-
resented by the hazard indices P(x, y):

P(x,y) =N H(C(x.y)). 3)

Hazard indices ranged between O and 1, where 1 denotes the
maximum hazard and 0 indicates no hazard. Considering hazard indices
at the sea surface, we used the maximum oil concentrations in Eq. (2).
For coastal hazards, the maximum oil concentration can be substituted
by the 600-h values as oil accumulates on the coastlines.

The hazard indices were computed on one arc-minute grid (~1.5 km
in the Mediterranean), without compromising computational efficiency
and visualization accuracy.

4. Results
More than two million simulated virtual spills from 2018 to 2021

enabled us to study the conditional probability of a large accidental oil
spill, such as the HAVEN catastrophe, occurring in the future at a specific
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location in the Mediterranean.

4.1. Oil pollution hazard indices

Starting our analysis from the hazard maps for the sea surface and
coastline (Fig. 2), the hazard indices values were relatively small, barely
reaching 102, Such orders of magnitude were expected as the initial
sources of the oil spill were highly distributed across the entire domain.
These values are consistent with the OSRA-based probability maps for
the Gulf of Mexico (Ji et al., 2021), where the initial sources were also
highly distributed (though homogeneously) across the basin. In general,
unlike highly distributed sources, a point source provides the largest
hazard indexes, asymptotically approximating a value of one. Numerous
examples of point-source sampling have been reported when assessing
hazards or risks from oil production platforms (e.g., French McCay et al.,
2017; Olita et al., 2019; Zodiatis et al., 2021).

We observed that the sea surface hazard patterns tended to corre-
spond to the distributions of the oil spill sources (Fig. 1), with some
spatial distortions controlled by the meteo-oceanographic conditions in
the basin. The concentration and dissipation of oil during accidents can
be attributed to the key role played by meteorological conditions.
Distinctive ‘hot spots,” where the hazard indices values exceed 5.6:107,
were visible in the Algerian subbasin and the eastern Alboran Sea, the
Ligurian Sea, and the center of the Ionian Sea. Intermediate values of
hazard indices ranging from 3.5-10~% + 4.5.102 were observed in the
Balearic Sea, in the northern Tyrrhenian, southern Adriatic, and the
entire Levantine.

Conversely, the southern part of the Ionian, the areas east of Sardinia
and west of Corsica, the Gulf of Lion, the northern Adriatic, and the
north-eastern Aegean Sea did not reveal high hazards.

In addition to the dependence on the sources mentioned above, the
spatial distribution of hazard indices was also associated with the
combined effect of sea surface currents and 1 % wind speed (Fig. 3). As
current velocities tend to dominate over the Stokes drift approximated
by 1 % wind speed (Fig. S2, S3 in the supplementary material), the
basin-scale circulation features are also visible on the averaged
2018-2021 combined map in Fig. 3. Figs. 2a and 3 show how virtual oil
spills concentrated in the Gibraltar area (Fig. 1) have been transferred by
the Atlantic Water Current (AWC) and Algerian Current (AC). The
coastal Algerian source cluster stretches and restructures in terms of
hazards under the Algerian Current (AC), Southern Sardinia Current
(SSC), and Eastern Corsica Current (ECC).

The Ligurian cluster is transported mainly by the Eastern Corsica

44°N

40°N

36°N

32°N

0° 10°E

20°E 30°E

Fig. 1. An example of 10,000 sources of virtual spills sampled according to Dong et al. (2022). Six concentration areas outlined in red are associated with (1) the
Gibraltar Strait, (2) the extended Port of Algiers, (3) the north Ligurian Sea sector, (4) the bunkering areas of Malta, (5) the Otranto Strait, and (6) the extended Port
Said. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Hazard index: probability of the sea surface oiling > 0.1 ton/km?

0° 10°E

20°E 30°E

48 56 64 72 8]x 102

4N T 2 T
44°N
42°N
40°N
38°N
36°N
34°N

32°N

Hazard index: probability of the coastline oiling > 0.01 ton/km

Ionian Sea

0° 10°E

[0 04 08 12 18 2

36 4 44 48]x10°°

Fig. 2. Hazard indices in probability terms at the sea surface (a) and coastlines (b).

Current (ECC) and Northern Current (NC). The sources associated with
the Malta bunkering zone are advected by the Atlantic-Ionian Stream
(AIS) and efficiently dissipated in the Central Ionian Sea. The Otranto
Strait cluster follows the Western Adriatic Current (WAC) and, is
partially trapped by the South Adriatic Gyre (SAG). The spills sampled in
the adjacent area of the Suez Canal demonstrate the direct influence of
the Cretan Passage Southern Current (CPSC), Asia Minor Current (AMC),
and Southern Levantine Current (SLC).

The coastline geometry plays a significant role in the distribution of
hazard indices on the coastline. Higher hazard indices are visible on the
coastlines of the Alboran Sea and, particularly, the Algerian subbasin
and the western tip of Sicily. Moderate hazard levels are found on the
Italian southern shores of the Adriatic and the eastern coast of the
Levantine Sea. However, maximum coastal hazards are shown in the
Aegean Sea, where the ragged shores of archipelagos and numerous
small islands result in massive oil beaching. Due to this filtering effect,
sea surface hazards in these areas are rather small. Similar partitioning is
visible in the archipelagos of the Ionian and Southern Tyrrhenian seas.

For example, zooming in on the Western Mediterranean (Fig. 4a) and
the Aegean Sea (Fig. 4b), reveals a detailed hazard distribution along the
coastline.

Aside from the southern shores of the Western Mediterranean, which

extend from Morocco through Algeria to Tunisia, relatively high hazard
levels are observed for the southern Tyrrhenian islands, including the
Aeolian Archipelago, Ustica, Aegadian Islands, and the Galite Islands. In
contrast, the mid and northern Tyrrhenian islands (Campanian Archi-
pelago, Pontine Islands, and Tuscan Archipelago) exhibit lower hazard
levels, with a clear distinction between the windward and leeward sides
controlled by the meteo-oceanographic conditions.

In the Aegean Sea, the highest hazard indices are primarily found in
the Greek Exclusive Economic Zone (EEZ), which includes the Sporades,
Cyclades, the coastlines of Crete, and the Myrtoan Sea. Differences be-
tween windward and leeward sides are also evident, making some island
shores, such as Antikythera, quite vulnerable, while others, such as the
coastlines of the Thracian Sea and Thermaic Gulf, appear more shel-
tered. The northern coastline of Crete shows significantly higher hazard
levels than the southern coastline. The shores of Rhodes indicate mod-
erate to high hazards, particularly along the eastern coast.

The Adriatic coastline, in general, shows relatively small hazard
indices apart from the Tremiti Islands and the Salento peninsula
(Fig. S4). The Ionian Sea and the central Mediterranean also show high
hazards only on the shores of some islands, including the Maltese Ar-
chipelago, Pantelleria Island, the Pelagie Islands, Strofades, the Gav-
dopoula and Gavdos islands (Fig. S5). In the Levantine Sea, the eastern
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Surface currents + 1% wind (m/s)

44°N 1

40°N 1

36°N 4

32°N 1

0° 10°E

20°E 30°E

Fig. 3. Averaged 2018-2021 combined forcing (m s~'): sea surface currents +1 % wind with evident basin-scale circulation patterns: the Atlantic Water Current
(AWCQ); Algerian Current (AC); Northern Current (NC); Eastern Corsica Current (ECC); Southern Sardinia Current (SSC); Atlantic-Ionian Stream (AIS); Western
Adriatic Current (WAC); South Adriatic Gyre (SAG); Cretan Passage Southern Current (CPSC); Asia Minor Current (AMC); and Southern Levantine Current (SLC).

coastline from Israel to Syria shows higher hazards than the southern
segments (Fig. S6). On the Turkish shores, the hazard index peaks at the
Cape Gelidonya.

4.2. Arrival time

In this work, we define the arrival time as the interval during which
oil first reaches the coastline after the start of the spill. The histogram
(Fig. 5a) illustrates the relative frequency of the arrival time in partic-
ular class ranges and approximates in discrete form a corresponding
probability density function (PDF).

The obtained PDF is bimodal, with a global maximum of approxi-
mately 25.6 % for the bin exceeding 25 days. This maximum is not
shown in Fig. 5a, as we focused on the information that the histogram
was able to provide rather than on the limitations of method, which will
be described later. In the given range, the highest frequency of ~5.1 %
shows an arrival time of less than one day. We then observe a gradual
decrease in occurrence frequency to 1.7 % within a 24-25-day interval.

Compared to the PDF, the cumulative distribution function (CDF)
clearly illustrates that the overall probability distribution is bimodal,
with approximately 74.4 % of virtual spills reaching the coastline within
25 days (Fig. 5b). We also found a 50 % probability of oil reaching the
coast within 13.4 days. Given the positively skewed histogram, we
mapped the distribution of the median as a central estimate (Fig. 5c).
The map has a horizontal resolution of 1/16° (approximately 6.5 km in
the Mediterranean). At least 60 virtual spills were sampled from each
grid cell. For consistency, the same color scales were applied to both the
histogram and the map. The map shows the circum-Mediterranean
continental distribution, with the shortest arrival times forming a
coastal strip along the contour of the domain. The Aegean Sea and the
eastern part of the Adriatic, which are well-known for their many
islands, showed the shortest arrival times, ranging from 1 to 4 days.
Intermediate levels of approximately 5-12 days are visible in many
areas, including the Alboran Sea, the Strait of Sicily, and the Cilician Sea.
With an expected delay of about 13-16 days, the spills would arrive from
the Sardinian Channel and the Otranto Strait. If a spill occurred in the
Gulf of Lion, southern Adriatic, Cretan Passage, or the areas west of
Cyprus, it would take approximately 17-20 days to reach the coast with
a 50 % probability. Broad, white-colored areas in the centers of the
Western Mediterranean, Tyrrhenian Sea, Ionian Sea, Levantine Sea, and
northern Adriatic indicate starting locations from where oil would reach

the coast after 25 days. Interestingly, the area north of the Malta
bunkering sites (Fig. 1) is flushed by the Atlantic-Ionian Stream so
intensively that the corresponding arrival times are quite long. Signifi-
cant normal-to-shore gradients in the northwestern and southeastern
Ionian Sea and northwestern Levantine demonstrate that the nearby
shores seem to be naturally sheltered from oil pollution.

CDFs computed for the five predefined Mediterranean subbasins
(Fig. 6, Table 2) revealed both similarities and differences in oil spill
delivery to the coastlines. We concluded that a simulation duration of
25 days was sufficient for the Aegean Sea, where the average arrival
time was roughly 3.1 days, which is the shortest one, and therefore, this
subbasin should have the fastest response. In the Adriatic Sea, approx-
imately 87.6 % of the virtual spills would reach the coast with a median
arrival time of about 10.7 days (Fig. 7S), followed by the Western
Mediterranean. Statistically, the arrival time distribution in this subba-
sin is the most similar to that of the Mediterranean Sea. The Levantine
Sea shows approximately 67.6 % of the beached spills with a median
arrival time of about 17.6 days, while in the Ionian Sea and Central
Mediterranean, only 57.6 % of spills would reach the beach within 25
days (Fig. 7S). This subbasin also has the highest median arrival time
value of approximately 20.6 days (Table 2).

4.3. Oil mass balance

The oil mass balance diagram provides vital information on the
temporal redistribution of potentially spilled oil: floating on the sea
surface, evaporated, washed ashore, degraded, and dispersed in the
water column. Sample mean values and standard deviations of these
components are shown in Fig. 7. According to the model simulations,
approximately 42.4 % of the oil would presumably evaporate within the
first 73 h, which is typical of crude oil (Fig. 7a). After that, evaporation
would almost stop. The percentage of evaporated oil, controlled mainly
by the oil API, tends to deviate slightly from its average value. The
contribution of beaching gradually increases, gaining 11.1 % + 16.5 %
at the end of the simulations. Natural dispersion shows a monotonic rise,
reaching 8.4 % + 4.1 % at the end of the 25-day simulations. Degra-
dation grows exponentially and exceeds the mean dispersion value 56 h
after release (Fig. 7b). At the end, the contribution of degradation rea-
ches 29.6 % + 9.0 %.
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4.4. Percentage of beached oil

When a spill occurs with a known oil volume, it is vital to evaluate in
advance the percentage of oil that will eventually be beached on the
coastlines (Fig. 8).

We now present the corresponding PDF (Fig. 8a), which is also
bimodal as with the arrival time histogram (Fig. 5a). We found that

approximately 27.9 % of the sampled virtual spills resulted in the
beaching of <2 % of the oil released. The maximum percentage of the
beached oil ranged from 56 % to 60 %. The beached oil map was
calculated using the median due to the positively skewed histogram
(Fig. 8¢). Fig. 8a and c are illustrated with the same but inverted color
scale as in Fig. 5a and c in order to highlight that the arrival time is
inversely related to the beached oil percentage. The longer the arrival
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Fig. 5. Histogram of arrival times in days (a), CDF (Cumulative Distribution Function) (b), and the distribution of the median across the basin (c).

time, the lower the rate of the beached oil on the shoreline.
Comparing CDFs for different subbasins, the largest median value of
approximately 30.5 % of beached oil occurs in the Aegean Sea, followed
by the Adriatic Sea with 4.0 % (Fig. 8b, S). Other subbasins, such as the
Western Mediterranean, Levantine Sea, Ionian Sea, and Central Medi-
terranean, show a sharp decline in the medians from 1.1 % to 0.3 % and
0.2 %, respectively. In Fig. 8c, the map shows that the width of the
coastal belt with the high beached oil percentage is rather irregular.
Unsurprisingly, the patterns associated with high oil beaching are
evident in the Aegean Sea and Adriatic. The belt surrounds almost all of
the southern Mediterranean border, becoming thinner along some
Algerian and Libyan coastal segments. In contrast, this belt is hardly
visible in the Northwestern Mediterranean and the Northwestern Ionian.
Interestingly, there are pronounced contrasts between the opposite sides
of some big islands: Corsica, Sardinia, Sicily, Crete, Cyprus, and Rhodes.

4.5. Explicit comparison of basin’s and subbasins’ statistics

To underscore the similarities and differences among the Mediter-
ranean subbasins, the hazard indices, arrival times, and beached oil
percentages are summarized in Table 3. Because the corresponding
histograms were skewed, the medians (M) were selected as a measure of
central tendency. The first quartile (Q;) and third quartile (Q3) quantify
the dispersions of the corresponding model outputs.

Oil spills in the Western Mediterranean, Ionian, Central Mediterra-
nean, and Levantine Sea primarily threaten pelagic ecosystems, from
phytoplankton to megafauna (such as sea turtles, mammals, and sea-
birds). In contrast, the oil that spills in the Aegean and Adriatic seas
tends to be beached more quickly and abundantly. This finding should
be applied only statistically.

5. Discussion

To test the reliability of the predictions made with the current Monte
Carlo simulations, we studied the data® collected by the Centre of
Documentation, Research and Experimentation on Accidental Water
Pollution (CEDRE). Only two cases out of the ten Mediterranean spills
found were sufficiently well documented to be compared qualitatively
with our results. First, the Agip Abruzzo oil spill from the Port of Livorno
area (Italy) on 10 April 1991 showed a northward oil drift that quali-
tatively corresponded to the hazard map in Fig. 2a. The second oil spill
from the container ship Strauss which occurred off the Port of Genoa-
Voltri (Italy) on 19 January 2010, revealed an oil trajectory directed
towards the French Cote d’Azur, which also aligned with Fig. 2.

More detailed information can be retrieved from the real cases we
simulated for the Regional Marine Pollution Emergency Response
Centre for the Mediterranean Region (REMPEC).

In chronological order, first is the JIYYEH power plant oil spill
(Lebanon, 2006), studied by Coppini et al. (2011). The oil spill moved
northeast along the coastline and was beached in good agreement with
Fig. 2.

Next, the hazard maps underestimated the Agia Zoni II oil spill
(Greece, 2017) (Figs. 2a, 4b), although the arrival time was correctly
represented (Parinos et al., 2019). This discrepancy likely stems from
insufficiently resolved hydrodynamics and orography in the Inner Sar-
onikos Gulf, which we noted during the oil spill emergency response
phase (Coppini et al., 2018).

Observational data on the Ulysse-Virginia oil spill (North of Corsica,
2018) include overflight records, satellite-derived images, and beach

5 https://wwz.cedre.fr/en/Resources/Spills (Accessed online: November
2024).
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Table 2
Arrival time statistics for the Mediterranean and subbasins.

Basin or subbasin

Percentage of spills
reaching the coast within
25 days (600 h)

Median: with a probability
of 50 %, oil would reach the
coast within:

Mediterranean Sea 74.4 % ~13.4 days (323h)
Western 82.1 % ~12.6 days (302h)
Mediterranean
Aegean Sea 98.9 % ~3.1 days (74 h)
Adriatic Sea 87.6 % ~10.7 days (257 h)
Ionian Sea and the 57.6 % ~20.6 days (495 h)
Central
Mediterranean
Levantine Sea 67.6 % ~17.6 days (422 h)

pollution reports provided in press releases from the Prefecture of Var.
Modeled by three independent research groups (by Météo-France with
the MOTHY model, CEDRE with OILMAP, and CMCC with MEDSLIK-II),
this case represents a best-practice approach for the fusion of observa-
tions with modeling (Daniel et al., 2021; Liubartseva et al., 2020). The
hazard distributions (Fig. 2a) align with the actual oil drift and the initial
beaching on the coastlines of Saint Tropez and the Hyeres Islands
(Fig. 4a). The estimated arrival time of approximately 9.5 days and the
beached oil fraction of around 4.2 % (Fig. 5c, 8c) also show good
agreement with the observation data.

The next case is an oil spill in the Mediterranean of unknown origin
which caused a massive tar pollution event on the Israeli shoreline in
2021. The hazard distributions (Fig. 2) and arrival time estimations of
around 16-17 days match the observational and previous model-derived

results (Herut et al., 2024; Liubartseva et al., 2022).

The drift of the oil spilled from the BANIYAS power plant (Syria,
2021), as studied in Keramea et al. (2023), corresponds to the hazard
maps in Fig. 2. The arrival time and the percentage of beached oil align
with the maps in Figs. 5c, 8c, according to the tracking of the satellite-
derived slicks (Keramea et al., 2023). However, this comparison does
not seem very convincing as the spill originated from the land.

Since Monte Carlo virtual spill sampling has not yet become routine
in oil spill modeling, the ground-truth evaluation remains largely
qualitative. The quantity and quality of available observations for the
spills mentioned above are often incomparable. For example, a hindcast
of oil spill pollution from the JIYYEH power plant that lasted 28 days
was based on several low-resolution satellite-derived images (Coppini
et al.,, 2011). In contrast, while working on the Agia Zoni II oil spill,
which lasted five days, we had reliable data from both satellites and the
local authority overseeing the oil beaching: timing, oil thickness, and
patchiness (Coppini et al., 2018).

Before discussing the method’s limitations, three main uncertainties
typically influencing Lagrangian oil spill modeling need highlighting:
uncertainty in the forcing (currents, wind, waves), turbulent diffusivity,
and windage coefficient. The uncertainty associated with currents often
outweighs the influence of other factors. However, with progress in
operational oceanography, which enhances the underlying physics and
spatiotemporal resolution, this uncertainty is increasingly less (e.g.,
Clementi et al., 2017). Diffusivity parameterization has been contro-
versial since the last century (e.g., Okubo, 1971; Murthy, 1977).
Considering the recommended values of 1-100 m? s~! (ASCE Task
Committee on Modeling of oil spills of the Water Resources Engineering
Division, 1996), horizontal diffusion is often parameterized through
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Table 3

Basin’s and subbasins’ statistics summary.
Basin or subbasin Sea surface hazard x10~3 Coastline hazard x10~3 Arrival time (days) Beached oil (%)

Q M Qs Q M Qs Q M Qs Q M Qs

Mediterranean Sea 2.1 4.0 4.3 1.9 2.6 3.2 5.7 13.4 >25 0.2 0.5 16.8
Western Mediterranean 2.7 4.2 4.4 1.7 2.4 2.6 6.3 12.6 21.4 0.3 1.1 13.4
Aegean Sea 0.2 0.7 0.8 3.6 4.1 4.3 1.4 3.1 5.6 135 30.5 44.5
Adriatic Sea 0.9 1.2 1.5 0.9 2.0 2.2 4.8 10.7 18.4 0.4 4.0 23.5
Ionian and Central Med 1.1 3.8 4.0 0.8 1.9 2.0 9.3 20.6 >25 0.1 0.2 4.0
Levantine Sea 2.6 3.0 3.7 1.2 2.1 2.3 9.0 17.6 >25 0.1 0.3 13.5

Q is the first quartile; M is median or the second quartile; Qs is the third quartile.
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isotropic scale-dependent constant diffusion coefficients (Matsuzaki and
Fujita, 2017). In this work, we used a default value of 2.0 m? s~ ! (De
Dominicis et al., 2013a).

The windage coefficient is typically considered to be a tuning
parameter that ranges from 0 % to 6 %. However, it does not appear
random. Calibration of the windage coefficient for oil, drifters, and other
floating objects has been extensively discussed in the literature (e.g.,
Kim et al., 2014). Finding the optimal windage coefficient may require
an iterative approach, which is greatly influenced by the experience and
models used by the oil modeling team. For example, the MEDSLIK-II
group employs 0 % as a first-guess estimate, whereas the MOTHY
team adjusts the coefficient based on wind conditions.

The uncertainties mentioned above influence, to some extent, any oil
spill modeling efforts. Practical implications may include inaccuracies in
spatiotemporal predictions of the oil spill’s trajectory at sea, beaching,
or an imbalance in the oil mass. Interested readers should refer to the
extensive case-specific literature, which is beyond the scope of this
paper.

As the initial source distribution plays a key role in our methodology,
manually digitizing the maps published by Dong et al. (2022) limits the
adequacy of the Monte Carlo sampling. An underestimation of oil
pollution hazards in coastal areas could be one of the practical conse-
quences. Private sector resources, such as the Gerulean® system run by
SkyTruth (Raphael and Schatz, 2024), need to be involved in scientific
research to ensure the availability of robust long-term inventory in
digital format.

Additionally, the source map (Dong et al., 2022) has a limitation
connected to the radar-derived detection methodology related to an
optimal wind speed interval of 1.5-10 m s~ 1. The bias in this context is
not assumed to be significant, as evidenced by the NCEP wind speed
statistics in the Mediterranean, where the frequency of lower wind
speeds (<1.5m s 1) is 0.09 + 0.09 and higher wind speeds (>10 m sH
is 0.08 + 0.07 (Dong et al., 2022, Supplementary materials).

The white areas on the maps (Figs. 5¢, 8c) indicate that a simulation
length of 25 days is insufficient for the entire Mediterranean and the
highly dissipative subbasins (the Ionian Sea, Central Mediterranean,
Levantine Sea, and Western Mediterranean). The simulation length
needs to be extended to address these gaps. According to Spanoudaki
(2016), tackling this problem may require a more accurate representa-
tion of the biogeochemical degradation term. Lengthening both the
simulation duration and degradation complexity could require addi-
tional computational resources.

The values of the concentration thresholds in hazard mapping are
critical since they control the loss of the oil concentration PDF tails in Eq.
(2). Moreover, because there are no strict conventional criteria for
selecting them, the resulting uncertainty hinders the comparability of
hazard maps computed by different research groups. Currently, three
types of thresholds are distinguished: biological, socioeconomic, and
those linked to response efficiency. Interested readers can find the
dedicated literature review in Liubartseva et al. (2021). The biological
thresholds are typically species-specific, and measuring the population
response values is challenging. The values we used represent the so-
cioeconomic thresholds linked to mariculture, fishing, ports, water
supply intakes, coastal-dependent businesses, tourism, and aesthetics.
Importantly, these values were close to the 10 % percentile of the oil
concentration PDFs. Such a formal criterion can be applied in the
absence of a priori information about the thresholds.

6. Conclusion

Extensive Monte Carlo simulations were carried out to predict the
consequences of future oil spills in the Mediterranean Sea. We conducted

5 https://cerulean.skytruth.org/?zoom=1.5&lat=29.5&Ing=0.2  (Accessed

online: December 2024).
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a virtual spill sampling in the entire Mediterranean from 2018 to 2021
with the MEDSLIK-II model, using the methodology developed by BOEM
for the US outer continental shelf. The sampling scenario was derived
from the historical HAVEN oil spill that took place off the Port of Genoa
in 1981. MEDSLIK-II was forced by the Copernicus Marine Service hy-
drodynamics and ECMWF winds at high resolution.

Distributions of oil pollution hazard indices in probabilistic terms
indicate which sea areas and coastlines will be most or least affected
when an oil spill occurs in the future. The NECCTON project aims to
integrate hazard indices into multiple pressure assessments in the ma-
rine environment (Melaku Canu et al., 2024). Statistics on the arrival
time and the percentage of oil that reaches the shore reveal a spatio-
temporal pattern of oil-fouling shorelines. This information can help
improve response strategies and assist in planning for future offshore oil
production and high-risk maritime oil transfer activities. Additionally,
this work provides the baseline information necessary to conduct more
advanced numerical experiments in the academic landscape.

The coastline of the Aegean Sea showed the highest impact, char-
acterized by high coastal hazard indexes, short arrival times, and sig-
nificant proportions of beached oil. In contrast, the Ionian, Central
Mediterranean, and Levantine seas showed low hazard indices, longer
arrival times, and smaller percentages of beached oil, which can be
attributed to their natural, highly dissipative properties.

A combination of the Monte Carlo technique and the Lagrangian
MEDSLIK-II oil spill model could be applied in any area, facilitating
further advancements in the representation of natural processes and
enhancements in risk assessment. Such simulations are particularly
relevant in heavily trafficked marine environments. Possible spills from
offshore oil production fields can also be sampled using the Monte Carlo
technique. Additionally, risky ship-to-ship oil transfers require envi-
ronmental assessment for legal regulation, which can be conducted
using our methods.

In the future, the enhanced observational oil spill inventory, the
upgraded MEDSLIK-II codes, and high-resolution hydrodynamics
featuring advanced representations of underlying physics will
strengthen the preparedness and resilience against oil spill accidents.
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