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Abstract: Maritime safety and the protection of the marine environment were the primary objectives of
two European projects that the National Research Council of Italy had participated in, with numerical
applications in two areas located in the northern part of Sardinia, Italy. Specifically, two operational
Numerical Prediction Systems (NPS) for pollution risk management were developed; the first was
applied to the area of the Bonifacio Strait and the Gulf of Asinara and the second to the port of
Olbia. These systems are composed of many oceans and particle tracking numerical models. They
are forced with meteorological and ocean data provided by the European Centre for Medium-Range
Weather Forecasts and Copernicus Marine Service and their outputs have been compared with in
situ measurements for preliminary calibration. A web graphical interface was ad hoc designed,
specifically responding to projects’ needs, providing online access to a 3-day oceanographic forecast
and advanced diagnostic variables like Oil Stranding Time, Risk Score and Water Age. These products,
along with the interactive web platform, prove invaluable for marine spatial planning, prevention
and emergency management at sea, for the use of competent governmental and local bodies.

Keywords: numerical system; maritime safety; pollution prevention and management; forecasting
products

1. Introduction

In 2018–2021 the Italian National Research Council (CNR) has been involved in two
research projects funded by the Interreg Italy–France “Maritime” Programme named SICO-
MAR plus (transl. Cross-border system for safety at sea against the risks of navigation
and for the protection of the marine environment; https://interreg-maritime.eu/web/
sicomarplus; accessed on 19 February 2024) and GEREMIA (transl. Management of wastew-
ater for the improvement of port waters; https://interreg-maritime.eu/web/geremia;
accessed on 19 February 2024). Both projects, concluded in 2022, shared the common
objective to enhance maritime security and safeguard the marine environment through
in situ monitoring and ocean and particle tracking numerical modelling techniques. The
two developed numerical systems differed based on the characteristics of the studied areas:
so SICOMAR plus focused on the Bonifacio Strait and the Gulf of Asinara, located between
the islands of Sardinia and Corsica (Figure 1), while GEREMIA on the port of Olbia, located
in north-eastern Sardinia (Figure 1). Both projects addressed key aspects such as marine
pollution, including hydrocarbons, marine safety due to shipping traffic and the protection
of the marine environment. These issues are particularly relevant in the Mediterranean
Sea. The rationale behind SICOMAR plus and GEREMIA come from the fact that the
Mediterranean Sea is one of the main maritime routes worldwide being crossed by about
30% of marine traffic [1]. REMPEC [2] estimated that in 2006, 18% of global shipments
of crude oil by sea occurred through the Mediterranean Sea, highlighting these maritime
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routes as significant hazard sources for both accidents and the illegal intentional discharge
of hydrocarbons into the sea. Each year, thousands of cargo vessels, tankers and various
types of ships navigate through the straits of Gibraltar in the west, as well as the Bosphorus
and the Suez Channel in the east, thereby traversing the sea lanes within the various
sub-basins of the Mediterranean Sea and exploiting its ports to transport a wide range of
goods, including chemical and petroleum products. The Mediterranean Quality Status
Report [3] by the United Nations Environmental Program has identified a clear correlation
between the density of maritime traffic and the frequency of maritime accidents, resulting
in the pollution of the marine environment and coastal areas.
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Figure 1. The two domains of the modelling systems developed in the framework of the two projects:
in (A) the Bonifacio Strait and the Gulf of Asinara, and in (B) the Port of Olbia.

Maritime traffic also affects ports, which can be regarded as closed or semi-closed
coastal systems characterized by limited water circulation, inadequate flushing and weak
tidal exchange [4]. Additionally, as in the case of many ports and embayments, the port of
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Olbia hosts an intensive and commercially significant mussel farming activity that covers
a wide area inside the port, as well as the impact of sewage discharges from the town of
Olbia, which has a population of over 61,000 inhabitants (as of 2022). The consequences
of intense maritime traffic on the marine environment extend even further including the
introduction and spread of invasive alien species, the increased risk of collisions with
large cetaceans and the generation of noise and acoustic pollution, all of which exert a
profound influence on the coastal ecosystem [5–9]. Collectively, these factors contribute to
environmental degradation with potential negative impacts on the well-being of marine
bio-communities and, consequently, on the local economy.

In response to these problems impacting on ports and coastal waters, national and
local authorities may currently employ a range of operational hazard and risk manage-
ment systems to enable rapid assessment scenarios in the event of maritime accidents.
These systems are mainly based on the application of ocean prediction numerical models
simulating currents, waves and pollutant dispersal (e.g., oil spill) in the marine environ-
ment [6,10–12]. Aside from facilitating rapid intervention in the case of accidents like
maritime collisions or spills and aiding in the management of port water quality, these
systems are commonly used for assessing the risk associated with the degradation of coastal
marine environments in relation to the probability of pollutants reaching the coast and to
their vulnerability [13–15].

In the framework of the abovementioned funded projects, two operational numeri-
cal prediction systems for pollution risk management were implemented to support the
governance in the coastal marine space. The core of these systems is represented by the
implementation of a coupling system of ocean, wave and oil spill numerical models that
were applied to the marine and coastal marine environments of the Bonifacio Strait and the
Gulf of Asinara (hereafter mentioned as Bonifacio Strait) and the port of Olbia. The former
is characterized by heavy maritime traffic and consequently hydrocarbon spill hazards [15],
the latter is characterized by mariculture cages and intense maritime traffic, especially
ferries to/from Sardinia during the summer season. Web platforms have been provided to
let any user, even with limited IT skills, run the numerical systems and obtain the ocean
state and the requested information to manage an emergency.

The architecture of these operational numerical prediction systems has three main inno-
vations: (i) the adoption of cutting-edge high-resolution coastal oceanographic modelling,
(ii) the implementation of two diagnostic variables to infer a pollution hazard assessment,
namely Oil Stranding Time and Water Age, (iii) the implementation of an interactive web
service providing useful products to stakeholders in operational and on-demand mode.

The systems, composed of web platforms and numerical systems, are addressed to
governmental and local users called upon to respond to sea pollution emergencies or to
draw up intervention plans in their areas of interest.

Section 2 describes the two projects and the study areas in Sardinia. Section 3 describes
the components of the operational prediction systems, the oceanographic and oil spill
models (Section 3.1) and the interactive web platforms (Section 3.2). Selected simulations
were conducted in the Bonifacio Strait and the port of Olbia to demonstrate the effectiveness
of the tools (Sections 3.2.1 and 3.2.2). Key findings and future perspectives are addressed
in Section 4.

2. Projects and Study Areas

The project SICOMAR plus (henceforth simply SICOMAR) focused on governance, sea
safety technologies, integrated forecasting systems and services to enhance the navigation
safety within the cross-border maritime space of the Pelagos Sanctuary, the main Protected
Area of Importance for the Mediterranean (SPAMI). The Sanctuary extends eastward just
south of the Tuscan Archipelago in the northern Tyrrhenian Sea and westward from the
French port of Toulon to northern Sardinia, covering a total marine area of approximately
87,500 km2 in the western Mediterranean basin.
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The Bonifacio Strait, part of the Sanctuary, was one of the study areas of the project. It
is located between Sardinia and Corsica and bounded by the Asinara Island, in the west,
and the archipelagos of La Maddalena and Lavezzi, in the east. The Bonifacio Strait is
characterised by hundreds of reefs and over seventy large and small islands on its eastern
side. Depths range from 1,800 m in the Asinara Gulf to 70 m within the strait [16] (Figure 1).

The National Parks of La Maddalena Archipelago and of Asinara, the Natural Reserve
of the Bonifacio Strait and the Bonifacio Strait International Marine Park are protected
areas. In 2011, the Bonifacio Strait was recognized as a Particularly Sensitive Sea Area
(PSSA) by the International Maritime Organization [17]. As for the entire Sanctuary, the
Bonifacio Strait is characterised by an important natural heritage that faces considerable
anthropogenic pressures with a high risk of at-sea accidents especially due to intense
maritime traffic.

The project GEREMIA developed a port water quality management plan to mitigate
the risks of wastewater and oil spill pollution and its potential impacts on the surrounding
marine environment. It is an interdisciplinary and multi-partner research program covering
different aspects related to the risk of pollution in harbour basins. Indeed, port waters are
subjected to both endogenous pollution risks, associated with internal anthropic activities,
and exogenous polluting wastewater entering the port.

The project focused on the port of Olbia, part of a two-port system in adjacent areas.
The first is the port of Olbia, characterised by a shallow seabed (maximum 15 m), where
the city of Olbia and its industrial area are located. The second is the port of Golfo Aranci,
which mainly handles passenger ships and is adjacent to the Gulf of Olbia.

The port of Olbia encompasses the commercial port, handling Roll-on/Roll-off (Ro-
Ro), cargos, passengers (over 3 million every year) [18] and cruise traffic, with an industrial
segment (Port Cocciani) that hosts General Cargo, Multipurpose ships and Ro-Ro cargo
operations. There is no petrochemical hub for the docking of oil and gas tankers. Further-
more, over 1.5 km2, mainly covering the central and eastern parts of the Port of Olbia, are
utilised for intensive mussel farming, yielding over 5,000 tons of mussels per year [19],
which are exported worldwide.

In the framework of these two projects, CNR implemented two operational oceano-
graphic and oil spill prediction systems, enabling web access to oceanographic forecasts
and pollutant hazard and risk assessments in the Bonifacio Strait and the port of Olbia,
along with its adjoining Gulf which connects to the Tyrrhenian Sea.

3. The Operational Prediction System
3.1. The Oceanographic and Oil Spill Models

Both operational prediction systems are based on numerical ocean and oil spill models
(also known as Particle Tracking Models; PTMs, version 7.5.84) and perform automated
3-day forecasts of water circulation and wave propagation in the areas of interest with
high spatial resolution. Forecast products are provided, with a frequency of six hours, for
surface currents, water temperature and wave height and direction. They are released daily
through specially designed web interfaces. Oceanographic information combined with
wind conditions constitute the inputs for the PTMs that are used to predict the transport
of pollutants (such as oil and hydrocarbons) in the marine environment, including their
dispersion and the potential risk of impacts on the surrounding coasts. The operational
prediction system is subdivided into two sections: the public and the private one. The first
one is open to the public and allows for the visualization of the ocean forecasting products
and the latter, the private one, is restricted only to personnel in possession of a specific
account and allows the user, through a Graphical User Interface (GUI), to set up and run
oil spill transport simulations and to visualize the results.

A coupled ocean and wind wave model is the core of the operational prediction
systems provided as a result of the SICOMAR and GEREMIA projects. It was applied, with
dedicated implementation in the two study areas, to reproduce the surface circulation and
wave fields induced by meteorological and marine forcing. It is based on the open-source
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code known as Shallow water Hydrodynamic Finite Element Model (SHYFEM, version
7.5.84) [20], a fully 3D hydrodynamic model based on the finite element method. The
model resolves the primitive equations integrated over z-layers in their formulations with
water levels and transports. It accounts for baroclinic, barotropic and atmospheric pressure
gradients, wind drag and bottom friction, nonlinear advection, and vertical turbulent
processes. The equation system for a single layer l reads as:

∂Ul
∂t + ul

∂Ul
∂x + vl

∂Ul
∂y − f V l

= −ghl
∂ζ
∂x − ghl

ρ0
∂

∂x
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−Hl

ρ′dz − hl
ρ0

∂pa
∂x + AH

(
∂2Ul
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∂y2

)
+ ∂

∂z

(
Kl
hl

∂Ul
∂z

)
∂Vl
∂t + ul
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ρ0
∂
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∂pa
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(
∂2Vl
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(
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∂Vl
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)
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∂t + ∑l

∂Ul
∂x + ∑l

∂Ul
∂x = 0

(1)

where l indicates the vertical layer, (Ul , V l) the horizontal transport (integrated velocities
over one layer) components in x and y directions for each layer, (u l , vl) the velocity
components, pa the atmospheric pressure, f the Coriolis parameter, g the gravitational
constant, ζ the sea level, ρ0 the standard water density, ρ′ the density anomaly, ρ = ρ′ + ρ0
the water density, τ the internal stress term at the top and bottom of each layer, hl the layer
thickness, Hl the depth of the bottom of the layer, l and AH the horizontal eddy viscosity
estimated following the Smagorinsky parameterization [21]. The GOTM (General Ocean
Turbulence Model, release 4.0.0) turbulence closure model described in [22] was used for
the computation of the vertical viscosity Kl .

Momentum exchanges across the layers are accounted for by computing both the advec-
tive contribution and the vertical constituents of the diffusive terms ∂

∂z

(
Kl
hl

∂Ul
∂z

)
and ∂

∂z

(
Kl
hl

∂Vl
∂z

)
.

Wind and bottom friction terms, corresponding to the boundary conditions of the stress
terms (τx, τy), are defined as:

τ
sur f ace
x = cDρawix

√
wi2x + wi2y

τbottom
x = cBρ0uL

√
u2

L + v2
L

τ
sur f ace
y = cDρawiy

√
wi2y + wi2y

τbottom
y = cBρ0vL

√
u2

L + v2
L

(2)

with cD as the wind drag coefficient, cB the bottom friction coefficient, ρa the air density,
(wix, wiy) the wind velocity components and (uL, vL) the bottom velocity components. The
hydrodynamic core is coupled in line with a module to solve the advection and diffusion
of tracers and offline with the PTM [23–25] to simulate the transport of numerical particles
caused by sea currents and winds. Specifically, hourly data of predicted sea currents and
wind information are used to simulate the transport at the sea surface of spilled oil and an
embedded weathering module is used to simulate the reduction of the oil volumes induced
by evaporation. The PTM module solves, offline with respect to the hydrodynamic code,
the advection and diffusion equation in a Lagrangian frame of reference:

∂x
∂t = ua + ud
∂y
∂t = va + vd

(3)

where ua, va are the advective velocity components and ud, vd are the diffusive velocity
components in x and y directions, respectively. The ud and vd components are computed
using a random walk technique based on the Fischer study [26], with turbulent diffusion
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coefficients obtained using the Smagorinsky formula [27]. The components ua, va are
expressed as:

ua = αcul + αwwix
va = αcvl + αwwiy

(4)

where ul , vl are the horizontal velocities computed by the hydrodynamic model for the
first vertical layer; wix, wiy are the wind drift components; and αc and αw are the current
transport and the wind transport factors.

A simplified weathering module accounting for the dynamical spreading and reduc-
tion of the oil mass due to evaporation processes is included. Specifically, the effect induced
by mechanical spreading on the oil slick was reproduced based on the Fay theory [28] by
extending, at the time of the release, the oil slick surface to the computed equilibrium area.
The rate of oil mass lost due to evaporation processes was estimated using the formula
derived from [29] without considering any effects on the particles’ surface transport due to
the changing of the oil density. Furthermore, the module treats the oil slick as a floating
body and the effect of density changes on sinking is also not considered. Indeed, sinking
processes generally occur after two days from the release [30], which corresponds to the
system prediction time lag. Therefore, the simulation of only the horizontal transport was
considered as acceptable for the purpose of this application. We refer to [25] for a detailed
description of the adopted methods.

The stranding of numerical particles was simulated as full entrapment on the coastline
without the possibility to be re-entrained by the sea. Indeed, the rate of oil re-entering the
sea is generally described by the half-life of the oil after it lands on the coast, as suggested
by [31] and it is strongly related to the tidal amplitude and type of shore. Tyrrhenian
and West Mediterranean sub-basins are both characterized by a microtidal regime with
negligible tidal excursions (around 20 cm) and, consequently, by a very low possibility of
re-entraining into the sea for stranded pollutants. Furthermore, shorelines in these types
of coast are characterized by low reefs and isolated pocket beaches with half-life values
generally greater than a few days, which is the time interval corresponding to the time lag
of the forecasting procedure. Consequently, only small percentages of oil can re-enter the
sea after deposition and therefore this phenomenon has been neglected. We refer to [23] for
a detailed description of the adopted method and model parameters.

The model is also coupled with a spectral wave model, named Wind Wave Model
(WWM, version 3) [32], which simulates the generation, propagation, and dissipation of
wave motion and provides the momentum contribution derived from the kinetic energy
dissipation processes that are typical of the wave motion. Specifically, a two-way coupling
of wave and current models was realized through the wave-induced surface stresses,
computed using the radiation stress theory of [33] as formulated by [34], accounting for 3D
wave–current interaction. The communication between the ocean and wave modules is
based on FIFO (First In First Out) files, which allow two processes to communicate during
the runtime of each source code. We refer to [32] for a detailed description of the model
equation system and coupling procedure.

The integrated numerical tools use finite element methods for the spatial integration
of the equation systems with the computational domain defined through an unstructured
computational mesh constituted by triangular elements with varying forms and spatial
resolutions. Specifically, two finite element grids have been built to reproduce the morpho-
logical features of the two study areas with high details and resolution for shallow marine
coastal areas (Figure 2). The dimensions of the elements varied between around 10 km in
the outer part of the domains and up to 50 m for the coastal areas of the Bonifacio Strait
and Gulf of Asinara and reducing to less than 20 m for the inner part of the Olbia harbour.
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Figure 2. The computational meshes adopted by the ocean prediction systems. (A,C) depict the
geometry and bathymetric details of the numerical mesh for the Bonifacio Strait areas (ZA1 in (A))
implemented for the SICOMAR prediction system. In (B,D), the details of the numerical mesh for the
Gulf of Olbia (ZA2 in (B)) adopted for the GEREMIA prediction system are reported.

Atmospheric and oceanographic data provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF, www.ecmwf.int; accessed on 19 February 2024) and
Copernicus Marine Service (CMEMS, www.copernicus.eu; accessed on 19 February 2024) [35]
were used as model forcing and open boundary conditions.

The model application has been widely validated in previous studies [24,25] compar-
ing simulation results with observations within calibration procedures that were iteratively
estimating the model accuracy in predicting the surface transport caused by winds and
currents in the areas. Specifically, the modelled sea current was compared to observed

www.ecmwf.int
www.copernicus.eu
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current at sea obtained by surface Lagrangian buoys (drifters) released in the area. The
methodology is detailed in Quattrocchi [24] where they also showed that, after the calibra-
tion procedure, the best forecast gave a 24 h Trajectories Relative Error (TRE24) [36] ranging
between 0.12 and 0.34. This corresponds to differences between numerical particles and
drifters’ locations of 1.3 and 7.7 km, for a 24 h forecast.

3.2. The Graphical Web Interfaces

The interactive graphical web interfaces are key elements of the operational numer-
ical prediction systems because they are designed to reach out to the wider public of
non-expert users that can benefit from these tools to effectively execute action plans at
various intervention levels (e.g., marine spatial planning, prevention, or rapid environ-
mental assessment). Specifically, two web platforms were developed, one for each project,
featuring a comparable layout. They were built within the open-source software Content
Management System (CMS) WordPress version 6.4.3, a server-side application composed
of a back end to create and manage GUI contents and a front end for web users. CMS
uses the PHP language and is installed on a LAMP server—Linux, Apache, MySQL, PHP
(see references: Wikipedia; Html.it; Google Developers). The SICOMAR web platform
(http://www.seaforecast.cnr.it/sicomarplus/; accessed on 19 February 2024)) operationally
displays a 3-day forecast, with a 6-h frequency, of sea surface current, wave, sea surface
temperature and Oil Stranding Time in the region of interest. Users can access the forecasts
for the Bonifacio Strait or choose to view forecasts specifically for the Asinara region, the
Archipelago of La Maddalena and the Gulf of Olbia. Additionally, they can access forecasts
for the entire western coast of Sardinia, with the option to zoom in on the northern, central
and southern areas. Users can also set up and run model simulations in on-demand mode.
Indeed, users need to provide their own credentials to access the reserved area where, after
having input some basic parameters, they can perform simulations to predict the surface
transport of oil in northern Sardinia. Specifically, the date, the time, the amount of spilled
hydrocarbon (m3) and the spill location must be defined to run the simulations. Specifically,
the seeding location can be selected throughout the GUI by defining a single point or an
area (by placing at least three markers on the map) where the quantity of oil will be released
(see Figure 3A). The initial number of particles is fixed (around 104) in the case of single
point sources whereas it is automatically computed in relation to the selected quantity of
spilled oil and surface extension.

The simulation generates hourly maps of hydrocarbon distributions at the sea surface
for the following three days, unless there is a stranding event which is highlighted in the
map, which stops map generation before reaching three days. Considering the littorals
vulnerability, Risk Rank maps are also generated at the end of the simulation and all these
products remain accessible even on subsequent visits.

The operational web platform developed in GEREMIA (http://www.seaforecast.cnr.
it/geremia//; accessed on 19 February 2024) daily displays a 3-day forecast, with a 6-h
frequency, of sea surface current and Water Age in the port of Olbia and the entrance
channel. Users can also choose to enlarge the forecast view for the dock and the channel.
After accessing the platform and defining date, time, quantity and location of spilled
hydrocarbons, users can perform simulations to predict the movement of pollutants within
the port and the area of the gulf facing the canal (Figure 3B). The products of the simulation
are available in the reserved area for future reference, like the previously described platform.

The effectiveness of both numerical prediction systems is demonstrated, and their opera-
tional products are described in the following subsections considering a set of simulations.

http://www.seaforecast.cnr.it/sicomarplus/
http://www.seaforecast.cnr.it/geremia//
http://www.seaforecast.cnr.it/geremia//


J. Mar. Sci. Eng. 2024, 12, 380 9 of 18

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 9 of 18 
 

 

the dock and the channel. After accessing the platform and defining date, time, quantity 
and location of spilled hydrocarbons, users can perform simulations to predict the 
movement of pollutants within the port and the area of the gulf facing the canal (Figure 
3B). The products of the simulation are available in the reserved area for future reference, 
like the previously described platform. 

The effectiveness of both numerical prediction systems is demonstrated, and their 
operational products are described in the following subsections considering a set of 
simulations. 

 
Figure 3. Two sketches of the operational simulations of oil spill transport in the Bonifacio Strait (A) 
and in the Gulf of Olbia (B) using the SICOMAR (A) and GEREMIA (B) web interfaces. Initial 

Figure 3. Two sketches of the operational simulations of oil spill transport in the Bonifacio Strait
(A) and in the Gulf of Olbia (B) using the SICOMAR (A) and GEREMIA (B) web interfaces. Initial
positions of the spills are indicated by green areas in the geographical maps and by the black stars in
the results plots, blue lines indicate the mean trajectories followed by numerical particles (red dots)
and green lines highlight the impacted traits of coast. Grey dots indicate the number of simulated
half-hours from the pollutants’ release with red ones referring to the visualized plot.
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3.2.1. Simulations in Northern Sardinia

Users can access oceanographic forecasts for the Bonifacio Strait, encompassing in-
formation on sea surface currents, wave characteristics, and sea surface temperature.
In Figure 4, we provide a representation of hourly data pertaining to surface currents
(Figure 4A,B), temperature (Figure 4C,D) and wave height and direction (Panels E and
F) predicted for a specific time interval marked by strong north-easterly winds (Grecale
wind). The system offers various levels of zoom, including options for the La Maddalena
Archipelago (Figure 4B), the Gulf of Olbia (Figure 4D) and the Gulf of Asinara (Figure 4F).
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During this event, the intense Grecale wind led to a notable inflow of Tyrrhenian
surface water masses through the Bonifacio Strait, resulting in westward currents exceeding
0.5 m/s (Figure 4A,B), which in turn transported warmer surface masses towards the
Asinara Gulf (Figure 4C,D). The strong wind also generated high waves, reaching heights
of up to 1.8 m, propagating westward and affecting a significant portion of the coastal area,
particularly the Asinara Gulf (Figure 4E,F).

In addition to these oceanographic details, the operational systems also provide an
estimate of the time a floating substance (e.g., spilled oil) takes to strand on the coast. This
time, referred to as the Oil Stranding Time (ST) [24], is attributed to the entire sea domain
of investigation as a function of the time it will take any potential oil leak to reach the
coast (Figure 5A,B). Specifically, the coupled ocean and PTM models are used to compute
the fate of numerical particles released every six hours over the whole domain, from the
first day of forecasting to the following 48 h. The obtained results, accounting for the
transport processes caused by the wind, sea current and waves, provide an estimate of the
time required by such particles to reach the coastline. Daily maps of ST are operationally
provided with daily frequency. The ST serves as a proxy for the threat that maritime
traffic poses to this area. Indeed, where ST is less than 6 h (red areas) it indicates that
the time for intervention, in case of a maritime accident, is quite short. In Figure 5, the
Stranding Time was calculated under two distinct meteorological and marine conditions.
In Figure 5A illustrates the ST derived during an intense north-east windstorm, which
induced a westward surface current (as depicted in Figure 4). The resulting distribution
exhibits its lowest values on the leeward sides of all islands and along coastlines facing
eastward. In In Figure 5B, ST is computed during a moderate windstorm event from the
north-west (mistral wind) which promotes a southward and eastward surface flow. This
current configuration shapes the distribution of stranding times, with the lowest values
occurring along coastlines facing westward.
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The numerical prediction system can also provide Risk Rank maps. The risk computa-
tion results from the linear interaction between anthropogenic hazards (stranding events)
and the in situ vulnerability on the base of geomorphological features. The vulnerability
of the littoral is here related to the slope, geology of rocks and grain size features that
can reduce or amplify the negative effects of any potential pollutants stranding on the
coast [37–39]. Specific examples of Risk Rank maps can be found in a dedicated work by
Quattrocchi [24].

3.2.2. Simulations in the Port of Olbia

Users can access forecasts of sea surface currents, including the tidal effects, for
the port of Olbia and its entrance channel. Two predominant scenarios are depicted in
Figure 6, resulting from the influence of intense Mistral wind events during the winter
season (Figure 6A) and during the summer when water circulation is primarily influenced
by the low tidal forces and diurnal breezes (Figure 6B). The representation of surface
circulation, generated daily by the ocean forecasting system, underscores the meteorological
contribution to modulating surface circulation within the harbour.

The prediction systems also provide the Water Age (WA), a diagnostic variable used
to quantify the efficiency of water renewal and used as a proxy for hazard assessment due
to pollution. The procedure for WA estimation was proposed by Viero [40], enabling an
innovative approach for the assessment of port water renewal capacity. Specifically, the
adopted method involves the use of the SHYFEM ocean model to simulate, in a Eulerian
frame of reference, the transport of passive tracers induced by the computed currents,
with the concentration increasing, at each calculation step, by an amount corresponding
to the calculation step itself for the waters within the harbour while, for external waters,



J. Mar. Sci. Eng. 2024, 12, 380 13 of 18

the concentration is always set to be zero. This method allows for the calculation of
the variability of temporal scales of transport under varying meteorological and marine
conditions. Within the GEREMIA project, the calculation of Water Age was carried out
in an operational mode to provide daily maps of potential risk for the accumulation
of pollutants if released within the harbour. In Figure 6, the spatial distribution of the
WA is shown for the same time intervals as those examined for the surface circulation,
corresponding to an intense mistral event during the winter season (Figure 6B) and to
a summer period when tide primarily influences local circulation and flushing features
(Figure 6D). WA distributions vary between the two scenarios, with lower values occurring
when intense water circulation promotes efficient exchanges through the inlet (Figure 6B).
In both scenarios, the highest values, indicating the potential entrapment of water masses
and pollutants, are located within the inner coves of the bay where, in summer, WA values
exceeding 60 days were observed (Figure 6D).
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A hazard pollution assessment for the port of Olbia has been also set up for port man-
agement authorities and stakeholders who can benefit from planning future interventions
aimed at enhancing the environmental quality of the areas of concern. A two-year simu-
lation (2021–2022) was performed using wind, atmospheric pressure and tides as forcing
factors and the results processed to obtain monthly, seasonal and yearly evaluation of the
bay water flushing efficiency. The two years, 2021 and 2022, have been selected as being rep-
resentative of the recent days’ climatological features of the western Mediterranean basin.
Specifically, yearly means and standard deviations of the wind speed computed from the
CORDEX dataset (https://cordex.org/domains/region-12-mediterranean; accessed on 19
February 2024) for a location in front of the Gulf of Lions indicated that the meteorological
features of both years were in line with the trend observed during the last decade. Figure 7
shows four seasonal maps (Figure 7A–D) where values range from a few hours near the
mouth of the Gulf of Olbia connecting the harbour to the adjacent gulf to values exceeding
70 days in the two western inlets. WA increases from west to east, indicating a decrease
in water renewal capacity in the western areas of the harbour. The seasonal values form a
positive gradient from west to east, with minimum values at the entrance and along the
navigable channel, and maximum values in the two internal basins, with higher values in
the southern sub-basin.

https://cordex.org/domains/region-12-mediterranean
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Figure 7E depicts the monthly trend of the mean WA calculated for the entire basin,
which varies depending on the characteristics of water circulation throughout the year.
The mean values obtained from the two years of simulation indicate a decrease in water
renewal capacity in the harbour during the spring and summer months, with mean WA
values roughly ranging from 30 to 40 days, and an increase during the autumn and winter
months, with basin average values between roughly 20 and 30 days.

4. Conclusions

Maritime safety and protection of the marine environment are common concerns for
world coastal regions. These aspects require significant attention, particularly due to their
economic implications on tourism, commerce and ecosystem management [41]. Marine
basins that exhibit a strong environmental value along with heavy maritime traffic receive
heightened attention. The Mediterranean region exemplifies this, with numerous areas
in both the western and eastern basins serving as gateways to three continents. With a
population of more than 150 million people, which doubles during the summer months [42],
the Mediterranean accounts for more than 30% of the world’s maritime traffic volume,
making it a crucial connection point between the Indian and Atlantic oceans. Additionally,
the region boasts significant environmental and historical wealth [43].

Sardinia, located in the western Mediterranean, is an island renowned for its touristic
presence and its remarkable coastal environmental wealth. The Bonifacio Strait and the port
of Olbia hold strategic importance as access points to both Sardinia and southern Corsica, a
primary gateway for tourists and goods. Cargo, tanker, ferry and cruise vessels traverse
these marine areas. Therefore, these areas possess economic and environmental significance
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to Sardinia and should be preserved in the perspective of sustainable development. These
factors led to their selection as areas of interest in the SICOMAR and GEREMIA projects.

In the framework of these two projects, two operational numerical prediction systems
for pollution assessment, based on oceanographic and oil spill modelling, were imple-
mented at CNR. These systems use leading coastal ocean models including high spatial
resolution, calibration procedures and the best available European meteorological and
marine products to pose boundary and surface forcing conditions (i.e., ECMWF and Coper-
nicus Marine Service). The prediction system also includes ad hoc implementation of
two web platforms, providing daily free access to 3-day ocean forecast and hazard and
risk assessment products, after a free subscription. Fishermen, yachtsmen, seafarers and
those working at sea, as well as emergency management entities like the Coast Guard, port
authorities and the Italian Navy will be the primary beneficiaries of these tools and re-
lated products. Both systems are characterised by operational and on-demand functioning
modes; the latter allows the user to perform pollutant transport simulations in the areas
of interest.

Concerning the SICOMAR project, the products include the 3-day forecasting of the
sea surface temperature, wave direction and height, current speed and direction (currently
extended to the entire western coast of Sardinia), Oil Stranding Time and Risk Rank maps
for the entire region, with the ability to zoom in on the Bonifacio Strait and the Gulf of
Asinara. These products will support stakeholders to plan and manage any at-sea activities
enhancing safety and reducing potential hazards derived by unexpected accidents. About
the GEREMIA project, the operational products include the 3-day prediction of speed and
direction of surface currents and Water Age within the port of Olbia and the surrounding
gulf system. These products provide insights into the renewal times of water within
the port under real meteorological conditions, a proxy for hazard assessment in case
of maritime accidents, when relevant volumes of hydrocarbons may disperse in port
water with significant implications for the touristic and economic sectors (e.g., bathing
and aquaculture).

Over the past few decades, similar operational numerical systems have been developed
in various world coastal regions, including the Mediterranean Sea. However, public and
private entities are still engaged in research and development activities with the aim of
improving the accuracy of the oceanographic and pollutant transport predictions [24,44–47].
The two presented numerical systems provide advances in their high resolution in space
that can resolve coastal and port areas, their accuracy evaluation based on observed
sea surface transport, the operational products for hazard and risk assessment (i.e., Oil
Stranding Time, Risk Rank maps and Water Age) and the operational and on-demand
web platform implementations used to help the work of stakeholders like local authorities
and their communities. These innovations are meant to satisfy the needs of the European
authorities engaged with reducing anthropogenic effects on the maritime environment,
including in the port area [48].

Most of the products already provided after this work will find further applications in
marine traffic management and marine safety extending, for instance, to coastal navigation
and customized sea water monitoring. Indeed, the use of weather-marine forecasts to de-
termine navigation routes has long been practiced, particularly in open sea navigation [49],
while the integration of in situ observations and numerical model applications is expected
to enhance the management of the marine space, especially port areas, e.g., [15]. There,
excessive nutrient inputs, often nitrogen or phosphorus, can lead to their accumulation
over time, resulting in excessive algal growth and oxygen depletion, thus deteriorating the
ecological status of the waters.
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