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Abstract

Seabed-origin oil spills pose distinct challenges in marine pollution manage-
ment due to their complex transport dynamics and weathering processes. This
study applies the OpenDrift’s OpenOil module to simulate the transport and
fate of oil in two seabed-origin spill scenarios: (a) the 2019 Baniyas refinery
spill in Syria, resulting from leakage in underwater pipelines, and (b) a natural
oil seep near Zakynthos, Greece (2017), where hydrocarbons naturally escape
from the seafloor. The Baniyas spill was used as a validation case, integrating
Sentinel-2 satellite imagery and open-source atmospheric and marine data de-
rived from the Climate Change and Copernicus Marine services to refine model
calibration. The Zakynthos seep was analyzed under controlled conditions to
assess the abilities of the OpenOil module to simulate naturally occurring oil
slicks. Key findings indicate that oil density plays a critical role in evaporation
dynamics. Simulations revealed that oils above a specific density threshold
showed negligible evaporation, remaining as persistent slicks in the water col-
umn, whereas lighter oils exhibited substantial evaporation rates, significantly
altering their dispersion behavior.

Keywords

Seabed Oil Spill, Oil Weathering, Openoil, Numerical Simulations,
Lagrangian Modeling, Mediterranean Spills

1. Introduction

Oil spills occur from natural leaks, oil transportation, drilling, and accidents in-

volving tankers, pipelines, and rigs. While smaller spills are easier to manage, large
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spills pose significant challenges. According to the International Tanker Owners
Pollution Federation (ITOPF) [1], oil spills in the Mediterranean Sea have totaled
approximately 540,000 tons. Public attention often focuses on major spills, over-
looking frequent smaller ones [2]. Data from the ITOPF [1], shows that over 80%
of recorded spills since 1970 were small (under 7 tons). Additionally, 250,000 tons
of oil are lost annually from ship operations, with another 120,000 tons spilled
near refineries and terminals. Incomplete data on accidental spills highlights the
urgent need for better detection and monitoring systems.

Oil pollution does not remain on the sea surface—it can spread to deeper wa-
ters, worsening its environmental impact. The extraction of oil from deep-water
reservoirs and the installation of pipelines at great depths increase the risk of spills
from well blowouts or pipeline leaks [3]. Notable deep-water spills include the
2010 Deepwater Horizon disaster in the Gulf of Mexico, which released an esti-
mated 492,000 to 627,000 tons of oil [4], and the 2011 Penglai 19-3 spill in the
Bohai Sea, China, which spilled about 200 tons [5].

The behavior of an oil spill in the ocean is influenced by physical, chemical, and
biological processes. These depend on factors such as oil type, environmental con-
ditions (waves, wind, currents, sunlight), and release method (sudden or contin-
uous, surface or deep water). Oil weathering processes—spreading, evaporation,
emulsification, dissolution, photo-oxidation, biodegradation, and sedimenta-
tion—strongly affect the spill’s fate. Additionally, physical processes like transport,
turbulent mixing, dispersion, and resurfacing play key roles in its movement and
spread [6] [7].

When oil spills into the sea, it undergoes changes as it interacts with the envi-
ronment. The first process, spreading, occurs as the oil forms a thin film that ex-
pands across the surface. Factors like sea surface temperature, oil viscosity, and
density influence how quickly and thick the slick becomes [8] [9]. Models estimate
these properties, which are crucial for predicting subsequent processes like evap-
oration, dispersion, and emulsification. Evaporation quickly follows, as lighter
components of the oil diffuse into the air. Within hours, these volatile fractions
evaporate, leaving behind heavier, more persistent oil, which also reduces toxicity
in the water [10]. Emulsification can occur as waves mix water into the oil, creat-
ing a sticky “mousse.” This depends on the oil’s viscosity, composition, and tem-
perature. Higher viscosity oils are more likely to form emulsions, slowing evapo-
ration and complicating cleanup [11]. Over time, biodegradation begins, as mi-
croorganisms break down the oil into less harmful substances. Though once seen
as slow, research after the Deepwater Horizon spill showed that biodegradation
can start within a week, aiding natural cleanup [12] [13].

OpenDirift is an open-source Python framework developed by the Norwegian
Meteorological Institute for Lagrangian particle modeling. Its flexible design sup-
ports various applications, such as oil drift, search and rescue, pelagic egg track-
ing, and atmospheric drift [14]. One key application was by [15], who used high-
resolution models to study how riverfronts affected oil slick transport during the
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2010 Deepwater Horizon spill. Using satellite data and the Gulf of Mexico Hybrid
Coordinate Ocean Model (GoM-HYCOM) along with European Centre for Me-
dium-Range Weather Forecasts (ECMWEF) products, their simulations showed
that river-induced fronts significantly impacted the amount and location of stranded
oil. In another study, [16] used OpenDrift and high-resolution ocean data to ex-
amine oil transport and fate over six years, focusing on the influence of circulation
patterns like the Loop Current and mesoscale dynamics in the Straits of Florida.
While OpenOil offers modularity and Lagrangian flexibility, it is worth compar-
ing its capabilities with other operational models like MEDSLIK II. MEDSLIK II,
widely used in the Mediterranean, focuses on both surface and subsurface spills and
incorporates advection, diffusion, and oil weathering processes [17]. Compared
to MEDSLIK II, OpenOil offers finer vertical resolution and more customizable
droplet physics through lognormal distributions. Additionally, OpenQil can better
simulate vertical dynamics critical for seabed-origin spills, a key requirement in
this study [17].

For this purpose, this study explores the application of OpenDrift’s OpenOQil
module to simulate the transport and fate of oil in two distinct spill scenarios: the
2019 Baniyas refinery oil spill in Syria and a natural oil seep near Zakynthos, Greece.
The primary objective is to assess the capability of OpenOil for simulating oil spill
behavior in complex marine environments, with a focus on seabed-origin oil spills.
The study builds upon calibration and validation using the Baniyas refinery spill
and extends the analysis to Zakynthos to investigate the behavior of naturally oc-
curring oil slicks and test model performance under varying environmental and
oil type conditions.

The Baniyas refinery spill occurred in June 2019 due to leakage of underwater
oil pipelines near the Baniyas oil terminal. This led to a large crude oil release,
with the spill spreading over 22 kilometers along Syria’s northern coast and af-
fecting areas up to 100 kilometers away, including Latakia [18]. The Baniyas re-
finery processes 6 million metric tons of crude oil annually and is vital for Syria’s
oil-dependent economy. The spill’s seabed-origin nature, combined with infra-
structure damage, underscores the region’s vulnerability to marine pollution. Nar-
row coastal zones, weak eastern Mediterranean currents, and fluctuating winds
further complicate oil dispersion. Past oil-related incidents have caused severe en-
vironmental damage, highlighting the need for accurate spill modeling and effec-
tive response strategies [17].

Zakynthos Island, located in the Ionian Sea, is known for natural oil seeps, es-
pecially along its southern coast. These seeps create recurring oil slicks up to 15
kilometers long, driven by geological processes [19]. The calm sea conditions dur-
ing summer, with low winds and moderate currents, provide ideal conditions for
studying oil slick dynamics and testing model performance. Zakynthos also hosts
high biodiversity and marine protected areas, emphasizing the need to monitor
and reduce the potential impact of oil pollution on sensitive ecosystems [20]. The

predictable nature of the Zakynthos seep makes it a valuable case study for vali-
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dating oil spill models and comparing natural and anthropogenic spill behaviors.
The selection of these two study areas is driven by their unique seabed-origin
spill characteristics, which pose distinct challenges compared to surface-origin
spills. Seabed-origin spills involve oil transport through the water column, delayed
detection, and complex interactions with oceanographic and weathering pro-
cesses. By investigating these scenarios, this study aims to fill a gap in oil spill mod-
eling research and enhance understanding of oil behavior in these environments.
The Baniyas spill represents the risks associated with aging infrastructure and ge-
opolitical instability, while the Zakynthos seep offers insight into the natural dy-
namics of oil spills, providing a contrasting case to anthropogenic events. Together,
these cases allow for a comprehensive evaluation of OpenOil’s performance and
its ability to predict oil transport and fate under varying conditions.
Overall, special emphasis is given to the following questions:
e How accurately can OpenOil model the transport and fate of oil in a seabed-
origin spill, such as the Baniyas refinery spill?
e To what extent can parameters calibrated from the Baniyas spill be applied to
other scenarios, such as the Zakynthos natural oil seep?
e How do oil type and density affect spill behavior, particularly evaporation,

spreading, and persistence in the marine environment?

2. Methodology

The methodology section outlines the approach used to model and analyze oil
transport and dispersion. It begins with an overview of the OpenOil model and its
requirements, followed by a discussion of the physical properties and governing
equations that describe horizontal and vertical transport processes. Finally, the
numerical simulation setup is detailed, including study areas such as Baniyas,

Syria, for validation and Zakynthos, Greece for further analysis.

2.1. OpenOil Model and Its Requirements

For this study, we use OpenDrift’s OpenOil module to simulate how oil spreads
and changes over time in two different spill events: the 2019 Baniyas refinery oil
spill in Syria and a natural oil seep near Zakynthos, Greece. The simulation em-
ploys the OpenOil model, which combines oil spill transport and weathering sim-
ulation with real-time meteorological and oceanographic forecasts. OpenOil, a
component of the broader open-source particle trajectory framework called
OpenDirift [14], represents released oil as individual particles with specific char-
acteristics like mass, viscosity, and density, collectively known as Lagrangian ele-
ments.

Each oil particle’s movement is influenced by factors such as current, wind, and
Stokes drift, while random walk schemes are also incorporated to model diffusion
due to turbulence. The model integrates various physical processes including wave
entrainment [21], turbulence-induced vertical mixing [22], oil resurfacing due to

buoyancy [23], and emulsification [24]. Oil resurfacing is parameterized based on

DOI: 10.4236/0jms.2025.153008

132 Open Journal of Marine Science


https://doi.org/10.4236/ojms.2025.153008

V. Papaioannou et al.

oil density and droplet size, with sinking velocity determined by Stokes Law, mak-
ing the model sensitive to the initial oil droplet size distribution [15].

Oil properties utilized in OpenOil are sourced from the Automated Data In-
quiry for Oil Spills (ADIOS) database, which contains measured properties of
nearly 1000 oil types worldwide [25]. To enhance accuracy, the OpenOil model is
forced with wind data, ocean currents and waves. One key dataset is the ERA5
reanalysis dataset, produced by ECMWE. ERAS provides hourly weather data, in-
cluding wind speed and direction at 10 meters above the surface [26]. Specifically,
it includes two key variables: 9., which represents wind moving eastward, and
Viom» Which represents wind moving northward. These values come from a com-
bination of past observations and computer model simulations.

Another important dataset is the Med MFC Physical Multiyear Product, which
offers detailed information on the physical state of the Mediterranean Sea. This
dataset is created using the Nucleus for European Modelling of the Ocean (NEMO)
hydrodynamic model along with a data assimilation method called OceanVAR. It
combines various ocean measurements, such as ocean current, temperature and
salinity, with satellite data on sea level changes. The dataset has a high-resolution
grid, covering the Mediterranean Sea with a spacing of about 4 - 5 km. It also
includes 141 layers of ocean depth, providing a detailed view of underwater con-
ditions [27].

Finally, for wave conditions, the study uses the Med-WAV Mediterranean Sea
Woaves Product [28]. This dataset consists of key wave variables such as significant
wave height, mean and peak wave period, wave direction, wind sea and swell com-
ponents, and the wave energy spectrum. It provides a high spatial resolution of
1/24° (approximately 5 km), covering the Mediterranean Sea and extending into
the Atlantic Ocean up to 18.125° W. To enhance accuracy, the dataset incorpo-
rates an optimal interpolation data assimilation method, which integrates satellite
observations of wave height with wind data from ERA5, ensuring reliable wave

forecasts and historical analyses.

2.2.1. Horizontal Transport

Oil elements are subject to advection by currents, wind, and waves, which collec-
tively influence their horizontal motion. Whether submerged or at the surface, oil
particles follow the ambient current, experience wind drift—crucial for their hor-
izontal movement—which typically ranges from approximately 1% to 6% of the
surface wind speed, often around 3%. Additionally, they are affected by the surface
Stokes drift, with its profile calculated by [29] based on the Phillips spectrum.

2.2.2. Vertical Transport

A) Wave entrainment: Wave entrainment refers to how particles in the water
move during stormy conditions and when waves break in the open sea. The mix-
ing of oil near the surface in open seas largely depends on the energy from the
breaking waves [30]. To better understand wave entrainment, several factors are

considered, such as the thickness, density, and viscosity of the oil, the oil-water
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surface tension, water density, gravity, the energy available from breaking waves
to lift the oil, and the extent of the sea surface affected by breaking waves [31]. A
formula for the rate of oil entrainment, @, is given by two dimensionless numbers:
Weber ( We) and Ohnesorge (Oh). The formula is (Equation 1):

Q:QO Fbw (1)

e where: Fj, is the fraction of the sea surface with breaking waves, and Q is the
dimensionless vertical oil flux from the sea surface into the water column, cal-
culated by Equation 2:

Qo = aWeOhe (2)

e where: a=4.604 x 107'%, b= 1.805, and ¢ = —1.023 according to [32]. So, the

Equation 1. becomes:

0 =4.604 107" We " SOn " F, (3)

e where: £, is related to the wind speed and wave period (the time between

waves) based on [33], and is calculated as:

U, —-U
abw L 2 5!7‘ UlOm > Ut)
F, = T, (4)

0 Jif Uy, <U

o

e where: ay, = 0.032 s/m (constant), Ui, is the wind speed at 10 meters above
sea level, U, is the minimum wind speed that starts wave breaking (considered
equal to 5 m/s), and 7} is the significant wave period taken from the waves
data.

The Weber number (We) helps determine how much inertial forces and oil-
water surface tension play a role [33]. It is calculated as:

_p.gHd,
(e}

ow

We 5)
o where: p,, is the seawater density (1028 kg/m?), gis gravity (9.81 m/s?), H, is
the significant wave height (taken from wave data), o, is the oil-water surface
tension (0.0313 mN/m and 0.0326 mN/m for two different oil types Arabian
Medium, Amoco and Souedie, respectively), d, is the Rayleigh-Taylor instabil-

ity maximum diameter [33], given by:

d, =4 |——>——~ (6)
"\ e(Pu )
o where: p,;is the oil density (875 kg/m’ and 903.9 kg/m’ for Arabian Medium,
Amoco and Souedie, respectively).

The Ohnesorge number (OA) describes the balance between viscous forces and
inertial or surface tension forces [33]. It is calculated using the oil’s dynamic vis-
cosity (toz=20.18 and 79.5 cPoise for Arabian Medium, Amoco and Souedie, re-
spectively), the oil density, the oil-water surface tension, and the Rayleigh-Taylor

instability diameter:
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Oh = :uofl (7)
poilo- d

ow o

B) Oil resurfacing: Due to buoyancy, oil droplets can rise back to the surface
of the water, creating droplets that are either submerged or resurfaced. This pro-
cess is controlled by the size of the droplets and the difference in density between
the oil and the water [33]. Tkalich and Chan [23] noted that resurfacing velocity
is calculated differently for small and large droplets. For small droplets, Stokes’
law is applied, and for larger droplets, Reynolds’ law is used. The vertical terminal

velocity w(z) is given by:

?g(l—p)r, if Re>50
()= ®
20(1—
g(l ,0) 2 Jif Re<50
9v

e where: ris the droplet radius, p = poi ps» Ve is the kinematic water viscosity (=

6.865 x 10 m?/s) and Re = 2rw (1)/ vy, is the droplet Reynolds number.

Typical rise speeds for oil droplets vary based on their size and density. For
example, a droplet with a diameter of 0.01 mm and a density of 900 kg/m® may
rise at a rate of about 1 cm per hour, while a droplet with a diameter of 0.5 mm
can rise as fast as 30 meters per hour [33]. Additionally, Liu et al [34] present a
different terminal velocity, reporting rise speeds up to 0.095 m/s for a 4 mm drop-
let with a density of 870 kg/m’.

C) Oil droplet distribution: When an oil droplet is released from a subsea
blowout, it starts its slow ascent toward the surface. At this depth, the droplets
vary in size—some as small as 0.1 mm (100 um), others reaching 0.5 mm (500
um), as described by [35]. Their size determines how quickly they rise; larger
droplets buoyantly drift upward, while smaller ones remain suspended, carried by
deep-sea currents. The studies of Li ef al. [31] and Johansen et al [36] have shown
that the droplet size distribution is more accurately represented by a lognormal
distribution. According to Li et al [31], the volume of the droplet size spectrum
is described by the median droplet diameter ( DY, ), which can be calculated using

the equation:
Dy, =d,r,(1+100h)" We' )
e where: r.=1.791, p=0.46, and ¢ = —0.518 are empirical coefficients [31].

The size distribution follows a lognormal distribution, where the probability

density function (PDF) is given by:

1% 2
1 (ind ~1nDly) (10)

PDF = exp| —~—— L

ds\2r 2s°
e where: s=0.38 £ 0.05 is the standard deviation of the distribution [33].
Finally, the volume size distribution, as described by [37], is:

V(d):d70.7’dg[dn1in’dn1ax] (11)
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e where: d ranges from 1 um (107°m) to 1 mm (107 m).

D) Turbulent mixing: Turbulent mixing redistributes oil droplets vertically,
influenced by wind speed, current shear, stratification, and wave energy dissipa-
tion. The intensity of turbulent mixing is characterized by a vertical eddy diffusiv-
ity coefficient K (z) [38]. In Lagrangian particle tracking the vertical movement of
oil droplets can be modeled using a random walk process. This method is based
on a stochastic approach, where the movement of particles is influenced by ran-
dom and deterministic components. The displacement of a particle in the vertical

direction (4z) over a time step (44 can be expressed by:

Az:K’(z,,)AHR\/EK(z”%jAt (12)

I,

s

e where: K’ (z,) is the derivative of the eddy diffusivity coefficient (K (2)) with
respect to the vertical coordinate (2) at the position of the particle (z,), Ris a
random number with a mean of zero (= = 0) and standard deviation of r
(0w = r1y), the first term represents the non-random advective component,
which moves the particle from regions of low diffusivity to regions of high dif-
fusivity and the second term adds the random fluctuation based on the local
diffusivity at a position slightly offset from the current particle location [38].

Unlike surface-origin spills, seabed-origin events involve complex vertical
transport processes such as buoyant rise, turbulent mixing, and delayed surface

detection. The model’s ability to simulate oil droplet behavior in the vertical di-

mension is crucial. Ignoring vertical dynamics—as in many surface-only mod-

els—would underrepresent submerged persistence and lead to inaccurate fore-

casts for seabed spills.

2.3. 0il Weathering Process

OpenOil incorporates advanced parametrizations for oil weathering processes, in-
cluding (a) dispersion, (b) evaporation, (c) emulsification and (d) biodegradation,
leveraging oil properties obtained from the Oil Library (ADIOS) software devel-
oped by NOAA. The rate of evaporation varies significantly among different oil
types and is influenced by factors such as wind speed [33]. Evaporation and emul-
sification have notable effects on oil density, viscosity, and oil-water interfacial
tension, thereby influencing the droplet size distribution [15].

A) Dispersion: The dispersion process models the entrainment of oil droplets
into the water column, driven primarily by turbulence at the ocean surface. This
process is a result of wind and wave activity that generates turbulence, causing the
oil to mix with the surrounding water [39]. In OpenOil, dispersion is based on the
Delvigne and Sweeney algorithms [37], which rely on the calculation of wave en-
ergy dissipation. This dissipation represents the energy lost by waves due to break-

ing and is expressed as:

D, =0.0034xgp, H’ (13)

A key factor in this process is the wave energy dissipation coefficient (cup),
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which determines how much of the dissipated wave energy actually contributes to

dispersion. It is given by:
0.57
Cdisp = (De) f}:w (14)

e where: £, (the fraction of breaking waves) is set to 0.02, representing the pro-
portion of waves that break and promote dispersion.

The rate at which oil disperses into the water column () is calculated using the

equation:

_ CRoyCdixp I/entmin 15
qdixp - ( )
P, oil

o where: ¢;, =2400xexp {—73.682 X ﬁ} is Roy’s constant, which accounts
poil

for the interaction between oil and water by adjusting for the oil’s viscosity and
density, Venurain = 3.9 X 107® m’/s represents the entrainment volume constant,
which defines the volume of oil mixed into the water per second.

B) Evaporation: Regarding oil evaporation, OpenOil adapts its treatment based
on the conditions of the oil slick [25]. Under calm conditions, where the oil forms
a smooth surface, evaporation is modeled using Mackay’s analytical method [40].
However, under rough weather conditions, a more complex approach is employed
(ADIOS2), which utilizes a pseudo-component evaporation model [41]. In this
model, crude oils and refined products are represented as a small number of dis-
crete, non-interacting components, each with its own vapor pressure. The evapo-
ration rate for each component is determined by factors such as wind speed, sea
water temperature, slick thickness, and the molar fraction and volume of the com-
ponent. The relative molar volume of each component is estimated based on em-
pirical correlations with the boiling point of alkanes, allowing for accurate calcu-
lation of vapor pressures using Antoine’s equation [42].

C) Emulsification: OpenOil computes emulsification through a process as de-
scribed by [25], which accounts for factors such as the oil’s age, evaporation, water
fraction, and droplet size distribution. Once emulsification starts, the model cal-
culates the interfacial area (which increases over time) using a rate influenced by
wave energy and wind speed. The interfacial area is constrained by the maximum
interfacial area (S set to 5.4 x 10” m?, which depends on the oil’s properties and
droplet sizes. The water fraction (¥) in the emulsion is updated using the relation-

ship between the interfacial area and droplet size, following this equation:

Y= _Sd,_ (16)
6+5d,
e where: Sis the oil-water interfacial area and dy is the average water droplet
diameter.
D) Biodegradation: Biodegradation is an important natural process that helps
reduce the environmental impact of marine oil spills over time. The speed at

which oil breaks down depends on factors such as the type of petroleum hydro-
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carbons, temperature, the types of microbes present, and the availability of oxygen
and nutrients. In OpenOil, the biodegradation model is based on the research of
[43]. It suggests that the breakdown of oil is mainly affected by temperature. The
total biodegradation time (R™), in days, is calculated using the following equation:

(20" C—T)/IO” c

R =12days x3 (17)

e where: R is the time, it takes for oil to be colonized by bacteria and microor-
ganisms, and for the most resistant oil compounds to break down and T'is the

water temperature, considering both dissolved and undissolved oil.

2.4. Numerical Simulation Setup and Study Areas

The numerical simulation for oil spill dispersion was conducted using the OpenOil
model, a Lagrangian particle-tracking system integrated with atmospheric and
oceanographic forcing data. Two case studies were examined: Baniyas, Syria, for
validation purposes, and Zakynthos, Greece, as the primary study area. The model
utilized multiple environmental datasets, including wind, hydrodynamics, ba-
thymetry, and wave data, to simulate oil spill trajectories and their interaction

with the marine environment, shown in Table 1.

Table 1. Simulation configurations: Parameters and settings used in the oil spill model.

Purpose Validation Exploration
Parameter Baniyas, Syria (2019) Zakynthos, Ionian Sea (2017)
Date start (UTC) 22 June 23:00 6 August 15:00

Geographical coordinates
Oil type

Discharge rate

Seafloor release

Seafloor depth release
Total seeding elements
Seeding radius

Oil spill duration
Droplet size distribution

Wind drift factors

Processes considered

Simulation duration

35.9060°E, 35.2224°N
Souedie crude oil

1.588 m*/h

Yes

40 m

1000

10 meters

57 hours

0.0001 m - 0.0005 m
0% - 6%

Evaporation, emulsification,
dispersion, biodegradation,
wind drift, vertical mixing,
wave entrainment, coastline
stranding

177 hours (hourly outputs)

20.8150°E, 37.6203°N

Arabian Medium crude oil
(Amoco)

15.88 m*/h

Yes

350 m

1000

100 meters

6 hours

0.0001 m - 0.0005 m
0% - 6%

Evaporation, emulsification,
dispersion, biodegradation,
wind drift, vertical mixing,
wave entrainment, coastline
stranding

258 hours (hourly outputs)

The droplet size range (0.0001 - 0.0005 m) was selected based on values re-
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ported in experimental studies of natural and anthropogenic seabed blowouts [21]
[35]. The density values correspond to Souedie and Arabian Medium oils, chosen
because they represent the most probable oil types involved in the Baniyas and
Zakynthos events, respectively, based on local refining and seepage records [18]
[19].

To analyze the transport characteristics of simulated oil particles, we implemented
a computational approach within the OpenOil python framework. This involved ex-
tracting movement data, calculating directional trends, and assessing key transport
metrics such as distance and velocity. Longitude and latitude coordinates were
retrieved at each time step, and their differences were used to compute displace-
ment, movement angles, and the dominant movement direction. Trajectory char-
acteristics, including total distance traveled, segment-wise distances, and particle
velocities, were derived and stored for further analysis. Mean speed and travel dis-
tance were also calculated, excluding stationary particles to ensure accuracy. For
a detailed implementation, refer to Appendix A. The initial release points of the
Baniyas and Zakynthos spills were derived from [18] and [19], respectively (Fig-
ure 1).

40.00°N

"' Areas of interest
Baniyas, Syria
e Zakynthos, Greece

35.00°N

‘-? 0 100 200 300 km

20.00°E 25.00°E 30.00°E 35.00°E

Figure 1. Geographic visualization of the areas of interest. The red marker indicates the
initial release point of the Zakynthos oil seep, while the yellow marker denotes the initial
release point of the Baniyas oil spill.

3. Results and Discussion

First, we present the validation results concerning the a) Baniyas seabed pipeline
sabotage, followed by the exploration of b) Zakynthos physical seafloor oil spill.
To support validation and prediction processes, three Sentinel-2 atmospherically
corrected images were obtained (two for the Baniyas spill and one for the Zakyn-

thos seepage), ensuring high-quality spectral analysis. All three images are cloud-
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free, eliminating distortions and maximizing the accuracy of oil spill detection and
extent visualization. The imagery was derived from the Copernicus Data Space Eco-
system browser, providing multispectral data at 10 m, 20 m, and 60 m resolutions,
allowing for an optimized analysis of oil slick dispersion and thickness variations
[44].

a) Baniyas, Syria: The Sentinel-2 image from June 25, Figure 2(a) shows a large-
scale surface oil slick extending offshore from Baniyas, with elongated filamentous
structures typical of emulsified oil. By this date, OpenOil simulations indicate that
the oil had moved in a mean direction of 16.41°, at a mean velocity of 3.12 cm/s,
covering a mean distance of 4141.5 meters from the point of release (as computed
in Appendix A).

A direct comparison between the Sentinel-2 image and OpenOil outputs sug-
gests a high degree of accuracy in the simulated oil spill trajectory. The model
effectively captures the overall shape, direction, and dispersion of the oil, with the
simulated slick extending in the same north-northeastward direction as seen in
satellite data. Figure 2(b) illustrates wind conditions on June 25, showing wind
speeds between 1.5 - 2.5 m/s. These weak winds contributed to the limited offshore
dispersion of the oil, causing it to remain largely confined near the coastline. The
agreement between the simulated and observed spill distribution further supports
the capability of the model to reproduce oil transport under weak advection con-
ditions.

By June 30, the oil continued to drift north-northeast, with a mean transport
direction of 27.68°. The mean speed increased to 3.97 cm/s, while the mean travel
distance increased to 8466.45 meters, reflecting enhanced advection due to chang-
ing wind and current patterns.

The Sentinel-2 image from June 30 Figure 3(a) reveals an extended oil slick
with increased offshore dispersion, while a portion of the oil has stranded along
the coastline. The model accurately simulates this behavior, showing that oil par-
ticles continued drifting along the coastline with increasing northward move-
ment, consistent with satellite observations. For the Baniyas case, the deviation
between the modeled and observed slick extent was under 600 meters in direction
and less than 8% in areal extent, based on pixel-wise overlap between the red over-
lays in Figure 2(a) and the model outputs. This confirms a close match in both
shape and spatial drift pattern.

Figure 3(b) presents wind conditions on June 30, highlighting a rise in wind
speeds to 3 - 5 m/s. These stronger winds contributed to greater horizontal advec-
tion, leading to the observed increase in oil transport speed and travel distance.
At this stage, the simulation showed that 96.1% of the oil particles had stranded
along the coastline, with only 3.9% remaining active in the water.

The alignment between OpenOil’s predicted oil slick and Sentinel-2 imagery on
both dates confirms the reliability of the model in reproducing oil spill dynamics
in this region. The observed stranding along the coastline in late June is consistent

with model predictions, further validating OpenOil’s ability to simulate persistent
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oil accumulation in weak current regimes.

OpenDrift - OpenQil (SOUEDIE)
2019-06-22 23:00 to 2019-06-25 08:00 UTC (58 steps)
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Figure 2. (a) Sentinel-2 satellite image of the Baniyas oil spill on June 25, 2019. The red overlay indicates the extent of the oil spill,
identified using photo-interpretation techniques; (b) Wind speed distribution over the Baniyas open sea region on the same day.
Colored points represent oil particles.

OpenDrift - OpenOil (SOUEDIE)
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Figure 3. (a) Sentinel-2 satellite image of the Baniyas oil spill on June 30, 2019. The red overlay indicates the extent of the oil spill,
identified using photo-interpretation techniques; (b) Wind speed distribution over the Baniyas open sea region on the same day.
Colored points represent oil particles.

b) Zakynthos: A key validation of the OpenOil comes for the Zakynthos spill
comes from the Sentinel-2 image captured on August 7, 2017 (Figure 4), which is
the only available satellite observation where the oil spill is clearly visible. This
image provides crucial observational data for assessing the accuracy of the simu-
lated oil spill trajectory. The comparison between the OpenOil simulation and the
Sentinel-2 image demonstrates strong agreement, confirming that the modeled oil
movement aligns with real-world observations. Both the satellite data and the
model output indicate a northeast-to-southwest transport pattern, reflecting the

dominant influence of surface currents. Additionally, the elongated shape of oil
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slick in the satellite image closely matches the simulated trajectory, suggesting that
OpenOil successfully captured the role of constrained flow and eddy formation in
oil transport.

Figure 5 illustrates the spreading of oil in relation to ocean currents, with a
background color scale ranging from blue (low velocity) to red (high velocity).
Black arrows are superimposed on this background, representing the direction
and speed of the surface currents. At the onset of the oil spill, the initial movement
of the oil particles is primarily influenced by the prevailing ocean currents and
wind patterns. The surface currents, moving at speeds ranging from 0.01 to 0.55
m/s, predominantly flow in a northeast-to-southwest direction. This results in a
constrained flow, causing the oil particles to accumulate in localized areas near
the spill’s source. As the oil drifts, it encounters smaller gyres and eddies that trap
some of the particles, slowing dispersion in certain regions. These trapped parti-
cles linger in circular patterns before eventually being carried away by the south-
eastward jet of the currents. The presence of these slow-moving eddies adds an
element of unpredictability to the spread of the oil, leading to localized clusters
before more widespread movement occurs. In addition to the currents, wind plays
a crucial role in influencing the oil’s dispersion. The winds, which range from 0.5
m/s to 14.4 m/s, with a total average of 3.6 m/s, blow predominantly from the
northwest (NW). During periods of stronger winds, the oil is pushed offshore,
spreading outward and reducing the concentration near the source. As the spill
progresses, nearly all oil particles (~99%) continue to move, further spreading the

environmental impact.

OpenDrift - Open0il (ARABIAN MEDIUM, AMOCO)
2017-08-06 15:00 to 2017-08-07 22:00 UTC (32 steps)
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Figure 4. (a) Sentinel-2 satellite image of the Zakynthos oil spill on August 7, 2017. The red overlay indicates the extent of the oil
spill, identified using photo-interpretation techniques; (b) Wind speed distribution over the Zakynthos open sea region on August

7,2017. Colored points represent oil particles.

Figure 6 illustrates the trajectory of oil particles influenced by wind drift over
time. The color gradient represents the wind drift factor, ranging from low (blue)

to high (red), demonstrating the varying impact of wind on particle movement.
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Initially, oil particles disperse outward, primarily following the prevailing ocean
currents, which channel their movement in a northeast-to-southwest direction.
As the wind drift factor increases, particles exhibit a more pronounced deviation
from the main current flow, extending farther offshore, particularly towards the
southeast. This effect is evident in the red-colored trajectories, where higher wind
drift factors push oil particles into elongated paths, accelerating their movement
away from the spill source. Conversely, lower wind drift factors (blue and green)
result in more localized clustering and slower dispersion. The influence of wind is
further highlighted by the asymmetry in the spread, where particles subjected to
stronger wind drift move more rapidly compared to those primarily driven by
ocean currents alone. Over time, these interactions between wind and currents

shape the overall dispersion pattern.

OpenDrift - OpenOil (ARABIAN MEDIUM, AMOCO)
2017-08-06 15:00 to 2017-08-17 09:00 UTC (259 steps)
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Figure 5. Oil spill transport in Zakynthos after a 258-hour simulation, overlaid with back-
ground sea surface current speeds from CMEMS. Green dots indicate the initial positions
of the oil elements, blue dots show their positions at the end of the simulation, and gray
lines trace their trajectories over time. Red dots represent stranded oil elements.
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Figure 6. Simulated trajectories of oil particles influenced by wind drift, as computed by
the OpenOil model.

Figure 7 presents a detailed analysis of oil droplet size distribution which aligns
with the theoretical framework established by [21] [31] [35] and [37]. The histo-
gram in the top-left panel (Figure 7(a)) illustrates the volume spectrum, showing
a right-skewed distribution where smaller droplets dominate, while the cumula-
tive volume spectrum (Figure 7(b)) confirms that a majority of the volume is con-
centrated in these smaller sizes. The middle panels (Figure 7(c)) highlight the
number spectrum, demonstrating that the smallest droplets are most numerous,
a characteristic consistent with a lognormal distribution. The cumulative number
spectrum (Figure 7(d)) further supports this by displaying a rapid rise, indicating

that a significant fraction of droplets exists in the smallest size range. The lower
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panels, plotted on a logarithmic scale, reveal the power-law behavior of the droplet
size distribution (Figure 7(e) and Figure 7(f)), aligning with the mathematical
representation of Equation (11). The comparison with [21] suggests a very close
match between the simulated OpenOil results and empirical findings. This analy-
sis underscores the importance of droplet size in determining ascent behavior in
subsea blowouts, with smaller droplets being more susceptible to dispersion by

deep-sea currents.
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Figure 7. Droplet size distribution analysis: (a) Volume size distribution of oil particles; (b) Distribution of oil
droplets by number; (c) Logarithmic distribution of oil droplets by number, simulated by the OpenOil model
(blue lines) and by Li et al. [21] (orange lines); (d) Cumulative volume size distribution; (e) Cumulative distri-
bution of oil droplets; (f) Logarithmic cumulative distribution of oil droplets.

Figure 8(a) presents the evolution of the oil budget over the course of 258
hours, offering a detailed look at the intricate processes that determine the fate of
spilled oil in the ocean. Starting with an initial oil mass exceeding 80,000 kg, the

oil undergoes significant transformations driven by physical and chemical forces,
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leading to notable changes in its distribution and composition. The oil mass
budget per physico-chemical process throughout the simulation time is presented
in Table 2. The table illustrates the proportion of oil mass being dispersed, sub-
merged, surface-bound, stranded, and evaporated per 25 hours of simulation, in-

cluding biodegradation.

Table 2. Oil weathering processes.

Processes/Time (h) 25 50 75 100 125 150 175 200 225 250

Dispersed (%) 3 9 39 48 50 60 68 66 65 65

Submerged (%) 92 63 37 22 13 6 0 0 0 0

Surface (%) 0 15 2 3 6 1 1 1 1 1
Stranded (%) 0 0 0 0 0 0 0 0 0 0
Evaporated (%) 0 1 1 1 1 1 1 1 1 1
Biodegraded (%) 5 12 21 26 30 32 32 32 33 33

Over the course of the 258-hour simulation, the behavior of the oil undergoes
significant changes, as reflected in the varying percentages of its different frac-
tions. Initially, the dispersed fraction starts at 3% and gradually increases, peaking
at 60% by 150 hours, before stabilizing at 65%. This gradual dispersion of oil is
indicative of active mixing by turbulence and wave action, which slows down after
the first 50 hours. The submerged oil, which makes up a substantial 92% of the
total oil at 25 hours, decreases steadily, eventually reaching 0% by 175 hours. This
suggests that the oil gradually moves closer to the surface and is broken down by
other processes. Interestingly, biodegradation becomes a dominant factor as the
simulation progresses, increasing from 5% at 25 hours to 33% by 250 hours, re-
flecting the growing activity of microorganisms in breaking down the oil. Evapo-
ration remains minimal throughout, staying consistently low at just 1% after the
initial hours. The surface oil fraction fluctuates slightly, peaking at 15% at 50
hours, and then stabilizing at 1% by the end of the simulation. These dynamics
are indicative of an oil spill that undergoes significant physical and biological
transformations, with the bulk of the oil being gradually biodegraded and dis-
persed while remaining largely unaffected by evaporation.

In the middle graph (Figure 8(b)), the rising viscosity of the emulsion (green
line) is particularly evident after 100 hours, when it reaches over 250,000 cP. This
increase in viscosity highlights the growing thickness of the oil as it absorbs more
water, transitioning into a more stable emulsion. Interestingly, the water content,
represented by the blue shading, begins to rise sharply after 30 hours but levels off
at 18% after 80 hours. This suggests that after an initial phase of water absorption,
the emulsion stabilizes, and no significant increase in water content occurs be-
yond this point. This stable water content suggests that the oil has reached a point
where it forms a steady emulsified state, becoming increasingly difficult to sepa-
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rate from the surrounding water.

The bottom graph (Figure 8(c)) presents wind speed (blue line) and current
speed (red line). Wind speeds fluctuate between 0.9 and 12.4 m/s, with an increas-
ing trend that peaks near 150 hours, corresponding with intensified dispersion
and emulsification. In contrast, the current speed remains relatively stable, fluc-

tuating between 0.02 and 0.26 m/s, affecting the horizontal transport of the oil.

(a)
ARABIAN MEDIUM, AMOCO (875.0 kg/m3) - 2017-08-06 15:00 to 2017-08-17 09:00
80000
80
= 60000 m
2 60.E
3 400001 p
0 40 g
1] =
= 3
20000 20"
(b) 0
0 50 100 150 200 250
Bl dispersed WM submerged M surface WM stranded evaporated | bicdegraded
W
& —a 7100
é 3000001 Emulsion viscosity —— Water content 'f I
- P | —
v 250000 /,mf 80 =
@ 200000 ‘ L60 ©
~, =
2 150000 4 S
‘o (%]
8 4 40 C
% 100000 ‘ %
s L =
S 50000 =0
2
g 0 0
i 0 50 100 150 200 250
Time [hours]
(c) :
12 { — Wind speed L 0.25
— W
£ £
£ F0.20 &
= 3
° L0.15 ¢
[ [=R
o ui
(3] Ee
'g r0.10 ;l:J
- =
= L0.050
—— Current speed
0 T T T T T 0.00
0 50 100 150 200 250
Time [hours]

Figure 8. Evolution of the oil budget and environmental processes over time. Time evolution of OpenOil
model results for: (a) the oil budget, showing the relative impact of physical and biochemical processes; (b)
oil properties, including the mean and standard deviation of oil mass density and viscosity; (c) prevailing
wind speed and surface current speed during the 258-hour simulation period.

Figure 9 presents the critical oil density threshold influencing the evaporation
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process in a seabed oil spill scenario near Zakynthos. Under the given simulation
conditions, oil with a density of 875 kg/m? was found to be the critical limit, cor-
responding to Arabian Medium (AMOCO) with an APJ gravity of 30.07. To de-
termine the APIgravity, we utilized the ADIOS oil database, applying the specific
gravity equation at 15°C, with G = p,1/999.1 and the API formula the APIwith
API = (141.5/SG) - 131.5. The results indicate that for oils with an APJ gravity
higher than 30.07 (density lower than 875 kg/m?®), evaporation occurred during
the simulation. In contrast, oils with AP/ values lower than 30.07 (density greater
than 875 kg/m?®) did not exhibit significant evaporation. As shown in Table 3, the
oils considered in the simulation ranged from Generic Heavy Crude (density 963
kg/m’, API'15.4) to Generic Light Crude (density 829 kg/m?®, API39.1). The table
illustrates the variation in AP7values and densities, highlighting the relationship

between oil density and evaporation behavior.

Table 3. Oil types, densities, and corresponding AP/ values used to determine the critical
evaporation threshold in a seabed oil spill scenario near Zakynthos.

Oil types Density (kg/m?) API
Generic heavy crude 963 15.4
Souedie 904 24.9
Ashtar 881 29
Arabian medium 878 29.5
Arabian medium, exxon 875 30
Arabian medium, amoco 875 30.07
Arabian medium, chevron 875 30.1
Kuwait 871 30.9
Arabian light, shell oil 866 31.8
Generic light crude 829 39.1

Given that oils with AP/ gravities higher than 30.07 (density lower than 875
kg/m?) undergo significant evaporation, and those with lower AP gravities do
not, it is reasonable to assume that the spill’s composition includes oils within this
mid-range category. This behavior is attributed to the molecular composition and
volatility of the oil. Lighter oils (higher APJ) contain more low-molecular-weight
hydrocarbons, which are highly volatile and evaporate quickly due to their lower
boiling points. In contrast, heavier oils (lower API) consist of more high-molecu-
lar-weight hydrocarbons, such as resins and asphaltenes, which are less volatile
and have higher boiling points, preventing significant evaporation. Additionally,
lighter oils spread more easily on the water surface, increasing their exposure to
air and enhancing evaporation, whereas heavier oils form thicker layers that limit
air-oil interaction, reducing the rate of evaporation [45].

Despite its strengths, OpenOil has some limitations. The model assumes homo-

geneous mixing conditions and does not currently include sedimentation of oil-
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mineral aggregates, which may affect behavior in turbid seabed environments. Its
biodegradation rates are simplified and may not represent site-specific microbial
communities. Further, droplet breakup at the seafloor is estimated rather than meas-
ured, potentially introducing error. These limitations should be considered when
applying the model to spills with complex bathymetry, heavy sediment loads, or
microbial variability.

GENERIC LIGHT CRUDE 39.1
ARABIAN LIGHT, SHELL OIL
KUWAIT

ARABIAN MEDIUM, CHEVRON
ARABIJAN MEDIUM, AMOCO
ARABIAN MEDIUM, EXXON
ARABIAN MEDIUM

ASHTAR

30
29.5
29

SOUEDIE 249
GENERIC HEAVY CRUDE 154
100 15 20 25 30 35 40 45

API

Figure 9. Oil types from the ADIOS database used to test critical density.

4. Conclusions

This study applied OpenDrift’s OpenQOil module to simulate the transport and
fate of oil in seabed-origin spills, with successful validation in both anthropogenic
(Baniyas) and natural (Zakynthos) scenarios. The following key findings emerged
and are grouped into two categories: (A) insights into the physical behavior of oil
released from the seabed under various environmental and compositional condi-
tions, and (B) the performance and capabilities of the OpenOil model in repro-
ducing these complex dynamics with high spatial and temporal fidelity.

A) Physical oil spill behavior

1) Critical Oil Density Threshold for Evaporation: A major insight from the
simulations was the identification of 875 kg/m” as a critical density threshold gov-
erning oil evaporation. Oils with a density below this value—equivalent to an API
gravity above 30.07—demonstrated significant evaporation during the simula-
tions. In contrast, denser oils remained largely persistent and non-volatile, even
under varying environmental conditions. This threshold provides a valuable indi-
cator for early risk assessment and response prioritization, especially in deep-sea
and seabed spill incidents.

2) Evaporation Insignificant in Heavier Oils: Oils such as SOUEDIE and
other heavy crude variants exhibited negligible evaporation, regardless of expo-
sure to wind and wave action. This behavior aligns with their high molecular weight
composition and confirms that evaporation is not a dominant weathering process
for heavy oils released from the seabed. This reinforces the need to rely on other

mitigation strategies beyond evaporation-based natural attenuation.
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B) Model performance

1) Persistent Nature of Heavy Oil and Modeling Accuracy: The model showed
high spatial accuracy in reproducing real-world oil movement patterns. In the case
of the Baniyas spill, the simulation results closely matched Sentinel-2 satellite ob-
servations, capturing both the limited horizontal spread and the coastal accumu-
lation of oil. These outcomes demonstrate OpenQil’s effectiveness in predicting
spill behavior in regions with weak currents and low wind energy.

2) Emulsification and Viscosity Changes: OpenOil successfully simulated the
emulsification process, revealing that water content in the oil reached up to 18%
within 80 hours. This led to a dramatic increase in viscosity, which surpassed 250,000
cP after 100 hours. These changes indicate the formation of a highly viscous, stable
emulsion that is more resistant to natural breakdown and mechanical recovery,
underlining the importance of modeling time-evolving oil properties for spill re-
sponse planning.

3) Role of Vertical Mixing and Droplet Size: The simulations revealed that oil
droplet size distribution followed a lognormal pattern, as expected from theoreti-
cal models. Smaller droplets (<0.1 mm) remained suspended in the water column
for extended periods, while larger ones (>0.3 mm) resurfaced more quickly due to
buoyancy. This highlights the critical role of droplet size in determining vertical
transport and persistence, emphasizing the need for size-resolved modeling in
subsea blowout scenarios. We observed high sensitivity to oil type and droplet size
distribution. For instance, simulations with heavier oils (density > 875 kg/m?)
showed negligible evaporation and increased seabed persistence, whereas lighter
oils were more prone to dispersion and surface accumulation. Similarly, varying
the droplet size range by £50 um shifted average resurfacing time by over 30%.
These results underscore that seabed spill forecasts are strongly dependent on ac-
curate characterization of oil properties and discharge parameters.

4) Influence of Environmental Forcing: Environmental drivers such as wind
and ocean currents significantly influenced oil dispersion patterns. Stronger winds
(above 10 m/s) enhanced offshore transport and caused asymmetrical spreading,
while eddy structures and local gyres temporarily trapped particles, creating zones
of accumulation. These interactions shaped the spatial distribution of oil and con-
tributed to complex transport dynamics beyond simple advection.

5) Model Capabilities and Future Needs: Overall, OpenOil proved to be a ro-
bust and reliable tool when integrated with ERA5 reanalysis and CMEMS
wave/current data, effectively simulating the multifaceted behavior of oil in sea-
bed-origin spill scenarios. Looking forward, future model improvements should
focus on enhancing biodegradation parameterizations to reflect region-specific
microbial activity, and on refining droplet size distribution algorithms based on

in-situ observations, to further increase modeling fidelity.
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Appendix A: Numerical Simulation Code

The following Python script was implemented within the OpenOil framework to
calculate movement direction, trajectory lengths, and speed metrics for the simu-
lated oil particles.

#%%

# Assuming o.get_lonlats() returns lon and lat

lon, lat = o.get_lonlats()

# Calculate longitude and latitude differences between consecutive time steps

lon_diff = np.diff(lon)

lat_diff = np.diff(lat)

# Calculate the angle (direction) of each movement in radians

movement_angles = np.arctan2(lat_diff, lon_diff)

# Convert angles from radians to degrees

movement_directions_deg = np.degrees(movement_angles)

# Calculate the mean direction (dominant direction)

mean_direction_deg = np.mean(movement_directions_deg)

# Convert the mean direction to the range [0, 360) degrees

mean_direction_deg = (mean_direction_deg + 360) % 360

# Assuming o.get_trajectory_lengths() returns a tuple with total distance, dis-
tances during each time step, and speed

total_distance, distances, speeds = o.get_trajectory_lengths()

# Save total distance to a file

np.savetxt(‘/home/vaspapa/opendrift/Syria_ SOUEDIE/total_distance.txt’, to-
tal_distance, header = ‘total_distance’, delimiter="")

# Save distances to a file

np.savetxt(‘/home/vaspapa/opendrift/Syria_ SOUEDIE/distances.txt’, distances,
header="distances’, delimiter=" ")

# Save speeds to a file

np.savetxt(‘/home/vaspapa/opendrift/Syria_ SOUEDIE/speeds.txt’, speeds,
header="speeds’, delimiter="* )

# Calculate mean speed excluding zero values

non_zero_speeds = speeds[speeds != 0]

mean_speed = np.mean(non_zero_speeds)

# Calculate mean distance

mean_distance = np.mean(total_distance)

# Combine lat, lon, and total distance into a single array

data = np.column_stack((lat, lon, total_distance))

# Save the data to an ASCII file

np.savetxt(‘/home/vaspapa/opendrift/Syria_ SOUEDIE/particle_data.txt’, data,
header="lat lon length’, delimiter=*")

# Print mean speed, distance and the mean direction

print(f'Mean Direction: {mean_direction_deg} degrees")
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print(f"Mean Speed (excluding zeros): {mean_speed}")
print(f"Mean Distance: {mean_distance}")
#%%
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