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Abstract: Oil spill models are used to simulate the evolution of an oil slick that occurs after an
accidental ship collision, malfunctioning of oil extraction platforms, or illegal discharges intentionally
released by ships into the marine environment. We present an integrated operational oil spill
prediction system that improves capacities in preventing and mitigating maritime risks from oil spills.
The objective is to provide forecast information about the transport and the fate of a hypothetical oil
spill under Nearly-Real Time hydrodynamic conditions in the western and central Mediterranean Sea.
This complex forecast system is developed in the framework of the project SOS-Piattaforme & Impatti
Off-Shore to the needs of Italian Coast Guard and other institutions, such as the Ministry of the
Environment. This service has been operational since July 2020. The innovative aspect of this work is
a graphical user interface (the GUI), which allows to select properties, time, and location of a potential
oil spill and show the evolution of oil slick concentration and oil fate parameters. This platform
represents the first component of a future Decision Support System aimed to identify the risk
assessment of oil spills in order to better manage emergencies and minimize economic damages.

Keywords: oil spill; DSS; Graphical User Interface; emergency

1. Introduction

The evolution of an oil slick that occurs after an accidental ship collision or during oil extraction or
other oil tanker activities produce a severe impact on the sea, in short and in long time, hitting biological,
economic, political, cultural, and social matrices [1-4]. ITOPF [5] indicates that, in spite of a downward
trend in the total number of accidental spill events, they are continuously reported in different regions
of the world. At the same time, the operational pollution is increasing tending to be repetitive and
chronic, so it is estimated that 45% of oil releases into the sea are due to illegal actions [6-11].

The Mediterranean Basin is very exposed to similar events due to the high maritime traffic,
recording about 33% of the oil traffic in the world, 15% of the total maritime traffic and 10% of the
heavy traffic. The exposure of the Italian seas is even higher due to important role of Italy as Europe’s
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largest refining center (about 80 million tons per year or about 1.6 millions of barrels per day—source:
Unione Petrolifera, https:/ /www.unionepetrolifera.it), with its 11 refineries (9 coastal), 7 oil platforms,
and 450 ports and terminals (14 for crude oil; https:/ /unmig.mise.gov.it) [12,13] sited along the Italian
peninsula and islands.

In the Italian seas, 131 accidents occurred from 1977 to 2010, 40% of which as load spill,
with 160,000 tons of crude oil (mainly from the Haven accident), 5200 tons of gasoline, and 700 tons
of fuel oil [14]. The most recent accidental oil spill was in October 2018 in the Liguro-Provengal basin,
due to the collision between the Ro-Ro ship Ulysse and the container Ship CLS Virginia, impacting on the
international protected marine area known as Pelagos Sanctuary for Mediterranean Marine Mammals [15,16].

It is then crucial for the Italian decision makers to have high quality information in near-real time
about the numerical simulation of the transport and fate of the oil spills, to effectively manage the
environmental crises. Due to this need and according to national laws (Italian DPCM 04 November
2010; DM 29 January 2013 of the Italian Environment Ministry; Italian D.L n. 145 of 18 August 2015)
and International Conventions and Strategies for the protection of the sea (from the MARPOL 73/78
international convention to the Regional Strategy 2016-2021 of REMPEC), the Italian Ministry of the
Environment and Protection of Land and Sea (MATTM) funded the project named SOS-Piattaforme
& Impatti Off-Shore to have a system for the numerical forecasts of oil spills dispersion and fate
in the Italian seas. The use of this system is exemplified thanks to a user-friendly Graphical User
Interface (GUI) which guarantees a flexible approach and supports the Italian Coast Guard and
MATTM in producing dynamical planning (i.e., upgradeable over time) of mitigation actions of the
pollution event. This characteristic is decisive for a future development of a Decision Support System
(DSS) able to produce efficient management solutions because it establishes the relation between the
pollution event and the management requirements, while not replacing but supporting the decision
makers [6,17-24]. SOS-Piattaforme will be described in the next sections: a complex set of coupled
numerical models, composed by regional hydrodynamical models and an atmospheric one, will be
introduced, followed by the description of an oil spill model and of the GUI developed ad hoc.
Results of testing scenarios and conclusions will complete the paper.

2. Methods

The oil spill forecasting system (Figure 1) includes two main numerical modules and one GUI
(Section 2.3).

The core of the system is the oil spill dispersion model (Section 2.1) which produces oil dispersion
maps and trajectories, validated by drifter observations. This model is forced by the forecast
sea currents and wind provided by the circulation module (Section 2.2). The latter consists of a
Sub-Regional ocean forecasting system, forced in turn by means of a Weather Forecasting System and
boundary conditions coming from a Regional ocean forecasting system. The whole SOS-Piattaforme
system is used by the Italian Coast Guard by means of a GUI (Section 2.3), i.e., a user-friendly and
simple interface which allows either to execute the simulations and visualize the results and validation
reports. The information about the spilled oil can come from direct communications following the
accident or from airplane/satellite data.
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Figure 1. The figure shows the complex oil spill forecasting system, including the sub-regional ocean

forecasting system, forced at the surface by heat and momentum fluxes using atmospheric parameters
provided by the regional weather forecasting system, and at the boundary by the regional forecasting
system. The graphical user interface (GUI), represented in Figure, is the tool to dialogue with such a
system, which has as a result information about the transport and the fate of a hypothetical oil spill
under Near-Real Time hydrodynamic conditions.

2.1. Oil Spill Dispersion Model

The oil spill transport and dispersion model is based on a Lagrangian particle tracking
module named MEDSLIK_II [25,26]. The model predicts the evolution in time of the oil spill
processes, including oil fate and concentrations, using the meteo-marine forcing inputs obtained
by the operational circulation models (described in the next Section), as well the chemical-physical
characterization of the oil. The model recognizes different oil types represented by °API, enough to
cover the variety of physico-chemical properties.

The oil slick is represented into a set of initial adjacent particles and MEDSLIK_II calculates the
advection-diffusion processes using a Lagrangian approach. The movement of the particles due to the
currents, winds and turbulent diffusion is described by the Equation (1), where % is the time variation
of the oil concentration (C) in a fixed point; U(X, t) is the mean velocity:

a—C+Cl-vc—V(IZ~VC)—§r-(C) (1)
ot B =0

The terms r;(C) are the M transformations rate, which induce the oil concentration due to chemical
reactions and mixing [25] and U= UC + Uy + ljls. In the past, the sea velocity current fields were
provided by climatological (geostrophic currents, U.) calculations [27], while, today, they are provided
by the near real-time ocean forecasting system, as described in Section 2.2. Thus, the term U(X, t)
contains a rather satisfactory representation of the geostrophic currents (including also the Ekman
currents, then the term Uy, can be neglect). However, it is sometimes necessary to also include the
velocity correction term (Uy) to better represent the effects of the local wind on the oil slick or as
correction term, which takes into account hydrodynamic model errors [28]. It can be easily done by
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the end-user through the GUI (see Section 2.3), setting the values of the drift factor (x) and the drift
angle (B) of the following scalar equations:

Uy = a(Wycosp + Wysinf), )
Vi = a(—Wysinp + Wycosp). (©)]

Wy and W), are the wind velocities components (zonal and southern) at 10 m, respectively, provided
by the weather forecast system (see Section 2.2). The last term (Us) is the Stokes drift velocity, the currents
wave-induced. Because the ocean forecasting systems are not coupled with wave models, we used
the Stoke drift with the JONSWAP spectrum parameterization, which takes into account the wind
amplitude and the fetch [29].

The forecast oil spill module provides the oil concentration and the hourly position of the oil at the
surface, the evaporation and dispersion and the absorption of particles into the coastal environment.
However, due to the complexity of the weathering processes which are represented by means of
parameterizations [30-32], and uncertainty relating to slick movement, precise predictions of overall
fate are still difficult to achieve. It is, therefore, important to understand the assumptions upon
which weathering and trajectory models are based and to take these into account when analyzing the
results. On the other hand, such models provide a useful indication in contingency planning processes
because they give useful indication about the probable fate and behavior of a particular oil slick.

The coupling between the oil spill module and the meteo-oceanographic fields requires as inputs
the wind forcing, the sea surface temperature, and the sea currents. These components are provided
by the weather and ocean forecasting system described in the following section.

2.2. Ocean Circulation Models

The goal of this module is to provide reliable information and forecasts for marine environmental
conditions at meso-scale in near-real time and boundary conditions to the oil spill module.

The hydrodynamic forecasting model is based on two limited area models (LAMs), named WMED60
and SCRM60, which represent the evolution of the Ocean Forecasting Systems developed during the
projects PON-TESSA (Development of TEchnologies for Situational Sea Awareness, [33]) and MEDESS-4MS
(Mediterranean Decision Support System Marine Safety) [34-36]. Both LAMs (Figure 2) are based
on the Princeton Ocean Model (POM), a free-surface, sigma-coordinate (i.e., terrain-following) finite
difference ocean model that solves the heat mass and momentum conservation equations of fluid
dynamics [37]. POM has been widely used in the last two decades for studies of ocean dynamics [38—40]
and operation purposes [36,41,42]. The model equations describe the three-dimensional velocity,
temperature, salinity, and free surface fields assuming hydrostatic and Boussinesq approximation [43].
More details can be found in Mellor and Yamada [44], Ezer and Mellor [45], Mellor [46].

In this implementation the horizontal resolution for both ocean systems has been increased to
1/60° (~2 km), in the vertical to 41 sigma layers, with a logarithmic distribution from the surface to
the bottom. The aim was to enhance the forecasting skill of the systems through improved model
resolution. Moreover, they use an innovative variational initialization technique (VIFOP) for its initial
conditions and provides initial and boundary conditions to other coastal forecasting systems [47,48].

The WMEDG0 forecasting system, (Western Mediterranean intermediate Model) covering the Sardinia,
the Ligurian and the Tyrrhenian seas from 30° N to 42° N and from 3° E to 16° E, while SCRM60
(Sicily Channel Intermediate Model) covers all seas around Sicily, between 32° N and 40° N and from
9° E to 17° E. The model bathymetry used is based on the U.S. Navy bathymetric database DBDB1
(1’ horizontal resolution, ~2 km) and interpolated into the grid model by bilinear interpolation.
The lowest depth is set to 10 m, to prevent crowding of sigma levels at the minimum depth resolved by
the models. In addition, additional light smoothing is applied to reduce the sigma coordinate pressure
gradient error [49] and to preserve most of the bathymetric details (Figure 2). Both hydrodynamic
models do not include tides and the interaction between wave and current momentum.
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Figure 2. Scheme of the computational domains of the limited area models (LAMs): the WMED6041 (red)
and SCRM6041 (blue).

LAMSs require appropriate data to define their initial and boundary conditions (IC and BC). For this
purpose, the Mediterranean Forecasting System (MFS) regional model analysis and up to 10 days forecast
were daily downloaded from the Copernicus Marine Information (marine.copernicus.eu). MFS assimilates
satellite data and field measurements (XBTs, CTDs, Profiling Float). The model output of potential
temperature, salinity and velocity fields are available with a horizontal resolution of 1/24° x 1/24°
(~4 km) and a vertical resolution of 141 unevenly levels [50]. These information are used to initialize and
to downscale the numerical solution from regional to fine grid through an offline one-way asynchronous
nesting, as described in Oddo and Pinardi [51].

During the numerical integration, both ocean LAMs are forced at the surface by heat and
momentum fluxes using atmospheric parameters provided by the regional weather forecasting system
named Skiron Kallos et al. [52]. It is a modified version of the regional Eta Model of the National
Centers for Environmental Prediction (NCEP). The configuration used has a horizontal resolution
of 1/20° x 1/20° (~5 km) covering the whole Mediterranean basin, providing up to 120-h forecasts.
The air-sea coupling assumes that the net shortwave and the downward radiation are provided hourly
by Skiron itself, while momentum, heat, and water fluxes are carried out interactively, as the sea-surface
temperature (SST) field required by the bulk formula is provided, for every time-step, by the model
simulation. The evaporation flux is carried out interactively, while the precipitation is extracted from
the weather forecast fields. Furthermore, the forecast of the atmospheric pressure is used to apply the
inverse barometer correction to the surface elevation, as described by Wunsch and Stammer [53].

Processing Information

The forecast processing is based on a daily cycle for the production of ocean data (Figure 3).
The forecast cycle is done each day (J), for the following 5 days. Each forecast is initialized at midnight
from the downscaling of temperature, salinity, and velocity resulting from the simulation fields of the
previous day (] — 1) and by the field from the following forecast day (J) of MFS. The forecast products
of LAMs are updated daily at 18:00 UTC for the daily mean (averaged over a day, from midnight to
midnight and centred at noon) and hourly (centred every half-hour) datasets. All the products are
stored using the NetCDF format. The hourly forecast fields of superficial temperature and velocity are
used to force the module of oil dispersion, described in the next paragraph.
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Figure 3. Every day (J) the ocean LAMs are initialized at midnight (the red circle) by variational
initialization technique (VIFOP) using the simulation field (daily mean at ] — 1, the orange circle) and
the first forecast field (daily mean at J, the blue circle) from Mediterranean Forecasting System (MFS).
These fields are centred at noon. The LAMs forecast is up to N (=5) days with output daily mean
(centred at noon) and hourly (centred at half-hour).

2.3. The Graphical User Interface-GUI

The GUI allows a quick and simple interaction with the oil spill module to obtain information on
transport and fate of an oil spill under near real time hydrodynamic conditions. It has been developed
ad hoc in JAVA language and installed at CNR in Oristano. of Oristano. The access of the Coast Guard
(hereafter end-user) to the GUI is allowed through credentials (Username and Password). Multiple users
can simultaneously run their scenario of oil spill simulation; each simulation is queued waiting for the
previous one to be completed and archived in a specified storage directory.

The required input data are entered in the GUI by the user (Figure 4); they are the initial time
(UTC) and location of the oil spill, the estimated oil quantity and quality characteristics. The oil types
are grouped in three oil classes (light, medium, heavy), according to their °API. Moreover, a list of the
Italian oil platforms is also included, so their corresponding punctual geographical coordinates are
automatically loaded according to the user’s choice. The oil spill dispersion forecast model runs up to
96 h and provides the temporal evolution of Oil Fate Parameters (see Section 3) and hourly images of
the evolution of concentration. These images (see Section 3) contain a graphical representation of the
hypothetical oil spill accident area, as well as the current field hourly averaged, the mean wind at the
barycenter of the slick, and its horizontal dispersion, depicted by different colors (concentration).

The required input information and the output carried out from the oil spill forecast model are
stored inside the server and available to the end-user.
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Figure 4. The figure shows the customizable parameters of the GUI. In particular, in the first part the

end user may choose the type of the simulation (spill type, length of simulation and eventually the

platform with the relative coordinates); in the second part the chemico-physical parameters of the

simulation, such as the oil type and its name. At the end, before starting the simulation, the end user

can verify the settings in the summary of the simulation and on the map.
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3. Results

At the beginning of a real environmental emergency several information that define the initial
condition of the scenario, such as the geometry of the slick, the spilled quantity, the °AP], etc., are not
precisely known but estimated. Furthermore, since the atmospheric and marine circulation prediction
models are subject to different approximations (mathematical and numerical), the realization of
different scenarios, by varying the above inputs, become fundamental for the purpose of minimizing
the environmental risk. Therefore, to verify the impact of the initial conditions on the evolution of the
dispersion/concentration and transformation of an oil, known as Oil Fate Parameters (OFP), and the
functioning of the GUI, some system tests were then carried out through the GUI assuming the same
scenarios with different initial inputs. For simplicity, these tests were built in correspondence with the
Prezioso oil platform in the Gulf of Gela (Channel of Sicily) at the sea surface. The tests are summarized
in Table 1.

Table 1. The table summarizes the numerical experiments. The second column highlights the impact
of the initial conditions on the evolution of the oil spill concentration and Oil Fate Parameters (OFP).
The third column indicates the °API, the fourth the spill duration and the fifth the spill rate.

Exp Parameters °API Spill Duration  Spill Rate
Exp.1(A) Massive oil spill 19.8 Instantaneous 240 m3/h
Exp. II (B) Wind drift term correction 19.8 Instantaneous 240 m3/h
Exp. III (C) Continuous oil spill 19.8 24h 10m3/h
Exp.IV(Dand E) °API 37.8and 10.7 24h 10m3/h

In the first experiment, the dispersion of 240 m? of Ragusa oil (°API = 19.8) was simulated for
the following 72 h, released instantly at 04:38 UTC on 05 May 2020. This is known as a massive
spill and is usually due to accidents where a large amount of oil is dumped into the sea instantly
(idealized scenario) or within hours. At the end of the numerical simulation, the GUI shows the
temporal evolution of the OFP estimate (Figure 5A) and the oil concentration at the surface (Figure 6A).
During the first 6 h of simulation, an increase in the evaporative component is due to the loss of the
volatile component of the oil. Consequently, the fraction of oil dispersed into the sea tends to reduce
by up to about 85%. The model shows just small impacts on the coast (beaching <1% after 30 h).

When larger impacts on the coast are possible, like in the previous experiment, and to reduce
the uncertainty of the numerical solution of the integrated forecasting system, a second simulation
was created also to evaluate the impact of the Wind Drift Correction term (see Equation (3)). Then the
equations of the wind components were suitably modified (alpha = 0.03 and beta = 20°). Although the
wind intensity at the sea surface was increased by only 3%, the evolution of the OFP (Figure 5B)
shows a significant different scenario compared with the previous experiment, also in terms of oil
concentration (Figure 6B). Due to the increased speed of the surface current, the oil beaches in greater
quantities; in fact after 40 h about the 60% of its initial volume reaches the coast. At the end of the
numerical simulation (72 h) the fraction of evaporated oil is 20%, while that remaining at sea is reduced
to 20% of the spilled volume.

By appropriately choosing the values of the alpha and beta parameters, through the GUI, the user
can perform countless numerical scenarios with the aim of evaluating the time and place of the impact
on the coast then minimizing the risk through the oil spill containment phase.
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In a third experiment the impact of an oil spill characterized by a constant flow of low intensity,
but which lasts over time, was evaluated. Generally this scenario occurs for releases from tanks or from
the chest of a wreck bunker. Therefore, to simulate this new scenario through the GUI, we assumed a
release of 240 m3 over 24 h. Compared with the second experiment, the model response still highlights
the beaching process after 30 h but with an impact on the coast that only involves the 20% of the
oil spilled (Figure 5C). This is due to the variability of the current which, during the oil-spill flow,
modifies the distribution of the concentration (Figure 6C).

Another variable with an impact on the model solution, especially in terms of OFP, is the °API
of the hydrocarbon. In the fourth experiment, the response of the model was then verified by selecting
two different types of oil including an Arabian Light belonging to the lighter density class (°API = 37.8)
and the heavy Katrina oil (°API = 10.7). The comparison between the OFPs (Figure 5D,E) shows a notable
difference in evaporation rates which can reach 37% of the volume spilled with light oils, but only 10%
with heavy oils. The high density of the Katrina oil (0 > 1) ) induces its process of dispersion along the
water column (Figure 5E), with a tendency to increase over time and reach approximately 20% after 72 h.
Consequently, the percentages of oil beached on the coast and those present on the sea surface change.

Oil Fate Parameters

Oil Fate Parameters
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Figure 5. Temporal evolution (%) of the oil fate parameters during the 4 experiments from (A-E)
characterized as in Table 1: the green line is the the evaporation, the red on is the oil on the sea surface,
the blue one is the beaching, and the black one is the oil dispersed in the water.
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Figure 6. Forecast at 72 h of the oil concentration at the experiments with a massive oil spill (panel (A)),
a wind drift term correction (panel (B)), and a continuous oil spill (panel (C)).

4. Discussion and Conclusions

This work has presented an oil spill prediction system, operational in the Western and Central
Mediterranean Sea since July 2020 and used by the Italian Coast Guard and MATTM. The system is very
complex and based on a marine circulation forecasting model coupled with an atmospheric one. Thanks to
a very simple and user friendly interface, the GU], the end users may dialogue with the oil spill prediction
model, producing simulations of transport and fate of an oil spill under Nearly-Real Time hydrodynamic
conditions. This kind of information may be very useful for planning the mitigation actions. By means of
the GUI it is possible to realize in a simple way several different scenarios, in absence of precise details
about the initial conditions, in order to reduce the uncertainties in the prediction. In fact, as demonstrated
by the tests, the type of spill (massive or constant over time) can determine a significant difference in the
concentration of oil-slick on the sea surface. This is due to the action of the spatial and temporal variability
of the advection fields that act during the oil-spill modifying the oil concentration. Even the type of oil
(°API) has a significant impact on the evolution of OFP, especially on the fraction that tends to evaporate
(°API belonging to the light classes) and on that to disperse in the water column (°API belonging to the
heavy class). Consequently, the fraction of oil that remains on the sea surface represents an estimate of
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the initially dispersed percentage that should be recovered. Furthermore, close to the coast, or where
the circulation is not adequately resolved by the hydrodynamic forecasting system, it is necessary to
carry out further scenarios by correcting the numerical solution through the inclusion of the Wind Drift
Correction term effect. This term, as previously seen, can considerably modify both the evolution of the
OFPs (due to the occurrence of the beaching process) and the spatial distribution of the concentration.

The oil spill prediction system is actually used for real pollution emergencies, and also in case of
antipollution exercises at sea, such as the recent one named POLLEX2020, coordinated by the Coast
Guard to test their intervention readiness. Actually, the system takes partially into account two of the
three hierarchical levels (strategic and tactical) of a DSS System (Figure 7), as described in Psafratsis
and Ziogas [19] and Rademeyer and Lubinsky [54]. It provides an important support to identify the
risk assessment of oil spills and may improve the management of the emergencies, minimizing the
environmental and the economic damages.

‘ DSS LEVELS ‘
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I/ STRATEGIC LEVEL TACTICAL LEVEL
(Long Term Actions) (Middle-Low Term Actions)
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(Low Term Actions)
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Figure 7. The GUI meets some points of the strategic and tactical levels of a Decision Support System
(DSS) (red boxes in the dashed box). The active functions of the GUI (red boxes) allow to strongly
minimize the response time of a decision making process in case of an oil spill emergency.

In the future, the modular design of the GUI will permit also to complete the tactical level,
including a risk analysis scientific module dedicated to the probability of oil spill impacts. This will
reduce much of the actual subjective component in the decision-making processes in the Italian seas.
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