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Abstract
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A Scenario-Based Eulerian—Lagrangian Framework for the Management of
Semi-Enclosed Basins

by Mattia SCOVENNA

Semi-enclosed basins such as lagoons and harbors are often ecologically or eco-
nomically valuable, yet they are characterised by weak water exchange with the
open sea and a high sensitivity to contamination. This thesis proposes an end-to-
end methodology to support their management and protection, linking long-term
metocean variability, hydrodynamics and pollutant dispersion in a single, scenario-
based framework.

The approach begins by condensing a multi-decadal hindcast of wind and waves
into a limited number of representative metocean scenarios using clustering tech-
niques. These scenarios are then used to drive three-dimensional hydrodynamic
simulations, whose velocity elds feed Lagrangian particle tracking models for pas-
sive tracers and, in one case, for oil and hazardous and noxious substances. Single-
and multiple-particle statistics are applied to the resulting trajectories to quantify
water renewal, retention and mixing over a range of spatial and temporal scales.

The methodology is applied to two contrasting semi-enclosed systems: a coastal
lagoon and a large commercial port. In the lagoon, results reveal extremely lim-
ited connectivity with the open sea, with water renewal largely controlled by wind
rather than tides. Simulations of lagoon-wide releases and of a sewage plume both
indicate a strong tendency to retain tracers, underscoring the system's vulnerability
to nutrient and contaminant accumulation. In the port, spills released at accident-
prone locations frequently remain con ned within the harbour for days, as basin
geometry and local circulation favour trapping over export.

Overall, the thesis shows that a library of precomputed metocean—hydrodynamic
scenarios, coupled with Lagrangian diagnostics, can provide a practical and trans-
ferable tool to assess ushing, retention and contamination risk in semi-enclosed
basins, supporting both contingency planning and informed environmental man-
agement.
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Introduction

The growing awareness of the critical state of the oceans has highlighted the need
for effective strategies to protect and restore marine ecosystems, and to promote a
more sustainable relationship with the ocean. Planning the protection of the marine
environment requires a clear understanding of how water masses move and how
this motion in uences the transport and spreading of substances in the ocean, from
nutrients to pollutants. In this context, the literature on global- and regional-scale
studies is extensive and diverse. It includes work on the dispersion of pollutants
such as plastics (Huck et al., 2022; Hardesty et al., 2017; Van Sebille, England, and
Froyland, 2012) and oil (French-McCay et al., 2021; Ainsworth et al., 2021; Abascal
et al., 2010), the behaviour and dispersal of marine organisms such as juvenile sea
turtles (Le Gouvello et al., 2024; Gaspar and Lalire, 2017; Putman et al., 2014) and
tuna-like sh (Lehodey, Senina, and Murtugudde, 2008), the transport of eggs and
larvae (Palatella et al., 2014), and coral reef connectivity (Wang et al., 2022), among
many other topics.

Large-scale studies are generally very robust, as we now have a relatively high
level of con dence in the main mesoscale structures of the global ocean. However,
they are typically based on coarse spatial resolutions, at which small-scale dynamics
are not explicitly resolved. By contrast, local-scale studies (few kilometers in size) in-
troduce additional complexity by explicitly representing the interaction of currents
with the coastline, bathymetry and small-scale features. These studies are essen-
tial to support the conservation and management of speci ¢ environments, such as
lagoons, estuaries and ports. Because the interaction between currents and topogra-
phy plays a primary role in shaping local circulation, each coastal area has its own
peculiarities and behaves differently from others, so a speci ¢ local assessment is
required.

A particularly relevant class of coastal environments is that of semi-enclosed
basins, characterized by a limited exchange of water with the open sea, which makes
them especially sensitive to external pressures. These transitional ecosystems fre-
guently serve as natural nurseries for sh, breeding grounds for birds, and refuges
for both aquatic and terrestrial organisms. Beyond their ecological signi cance,
semi-enclosed basins also offer critical ecosystem services, such as nutrient cycling,
water puri cation, carbon sequestration and natural protection against coastal ero-
sion, which are essential not only for biodiversity conservation but also for the well-
being of adjacent human populations (Pérez-Ruzafa and Concepcion, 2012; Newton
et al., 2018; Pérez-Ruzafa et al., 2019; D'Alpaos and D'Alpaos, 2021; ElI Mahrad,
Newton, and Murray, 2022).

Because they concentrate valuable resources and services, semi-enclosed basins
are also subject to intense human use and, consequently, strong anthropogenic pres-
sures. Anthropogenic activities such as sheries, tourism, agriculture and maritime
transport play a central role in the economies and livelihoods of coastal popula-
tions, but they also act as major drivers of environmental stress in these ecosystems
(Neumann et al., 2015). As a result, today semi-enclosed basins are increasingly



threatened by pollution, eutrophication, habitat loss and degradation, and overex-
ploitation of resources (Raicevich et al., 2018).

Lagoons are a prime example of such environments. These coastal systems are
among the most dynamic and ecologically valuable, providing critical habitats for
a wide range of species and sustaining high biodiversity. Similarly, ports are semi-
enclosed environments in which local hydrodynamics are strongly in uenced by
the con guration of man-made structures. They are vital to coastal economies but
are also recognized as hotspots for marine pollution, given the intensity of maritime
traf ¢, industrial operations and frequent small-scale discharges that collectively de-
grade water quality. It is estimated that 31% of oil spills from large tankers, and up
to 44% for medium and small tankers, occur during routine port operations such as
loading, unloading and bunkering (Chen et al., 2019). Moreover, previous studies
have shown that the frequency of port-related accidents is increasing, as port infras-
tructure upgrades have failed to keep pace with rising vessel sizes and marine traf ¢
volumes driven by economies of scale (EMSA, 2025; Abreu et al., 2019; Darbra and
Casal, 2004), making ports handling oil and chemical cargo especially vulnerable
(Polinov, Bookman, and Levin, 2021).

Both lagoons and ports require continuous monitoring and management efforts
to ensure that water exchange with the open sea effectively promotes water renewal.
Inadequate water exchange can lead to eutrophication, habitat degradation and a
loss of ecological resilience (Martin et al., 2020). Conversely, ef cient exchange pro-
motes the ushing of excess nutrients and contaminants, supporting the ecological
balance and stability of the system. However, management needs may differ de-
pending on the type of pressure. Following an accidental pollutant release, for ex-
ample, longer retention times may increase local ecological damage but at the same
time limit the spatial extent of contamination by con ning it to a smaller area. Ports
are typically less rich in biodiversity than lagoons, but as continuous sources of pol-
lution they can easily affect the surrounding marine environment. For ports, there-
fore, the focus often shifts towards designing targeted and rapid contingency plans
to limit the impact of accidental spills. In this context, depending on the scenario,
ef cient exchange can be desirable to renew port waters, but in some cases limited
exchange may help contain contaminants (Kjerfve and Magill, 1989; Alba et al., 2014;
Umgiesser et al., 2014; Fiandrino et al., 2017; Lambert and Solari, 2022).

Regardless of the spatial scale of the domain under study, or wether the domain
bene ts from a rapid or slow ushing rate, the transport mechanisms governing
the movement of water are investigated using a Lagrangian perspective. By follow-
ing the trajectories of individual particles, this approach is particularly well suited
to capture the dynamics that control transport in complex coastal environments.
Knowing the position of particles at any time opens up a wide range of diagnos-
tic tools that are not accessible from a purely Eulerian point of view. The Eulerian
approach describes quantities at xed locations, providing snapshots of concentra-
tion elds, whereas the Lagrangian approach reconstructs the history of each parti-
cle. This makes it possible, for example, to identify preferential transport pathways,
guantify residence and exposure times, and characterize the spatial and temporal
scales of motion.

Nevertheless, studying the fate of particles in the sea is only possible if the un-
derlying ocean circulation is known, and ocean currents are typically described in an
Eulerian framework. For this reason, a modeling chain that couples a hydrodynamic
(Eulerian) model with a Lagrangian Particle Tracking Model (PTM) has become the
standard approach to investigate how currents transport substances in the ocean.



The implementation of a hydrodynamic model requires knowledge of all the en-
vironmental variables that play a role in generating ocean currents, including tides,
wind, waves and large-scale circulation. These variables can come from two main
sources: measurements and numerical models. Direct measurements can be gath-
ered using oceanographic buoys. For example, ODAS (Ocean Data Acquisition Sys-
tem) buoys are equipped with a wide range of sensors and can provide accurate
metocean information with high temporal resolution, but only at single points in
space. Given that coastal hydrodynamic models are normally forced along open
boundaries, such point-wise data limit the use of buoys for boundary condition spec-

i cation. A similar limitation arises when combining different instruments, such as
ADCPs (for waves and currents) and meteorological stations (for wind), which again
provide sparse spatial coverage.

An alternative to direct measurements is the use of global or regional numerical
models. However, because of their coarse resolution, data from these models cannot
be directly used for local-scale studies. It is therefore necessary to increase the effec-
tive spatial resolution through downscaling techniques. By nesting high-resolution
coastal models within coarser regional models and interpolating the large-scale out-
puts to the local model boundaries, global and regional products can be used to
force coastal simulations (see, e.g., Ferrari et al., 2020). In this way, the large-scale
circulation and metocean conditions are consistently transferred to the local domain.

Another fundamental aspect concerning boundary conditions is the choice of
strategy for local-scale simulations. Two main methodologies can be identi ed: im-
plementing forecasting systems that perform daily, ad hoc simulations based on real-
time environmental data (Abascal et al., 2017a; Pisano et al., 2016; Cucco et al., 2012),
or building precomputed scenario libraries that capture the full range of metocean
variability (Daliri et al., 2025; He et al., 2024; Nufiez et al., 2019).

The two approaches address different operational needs and are therefore com-
plementary rather than competing. Forecast-based modeling frameworks are pri-
marily designed for real-time or near—real-time emergency response, where the ob-
jective is to predict the evolution of a speci ¢ ongoing event under the most up-to-
date environmental conditions. In this context, the continuous ingestion of atmo-
spheric and oceanic forecasts and the on-demand execution of hydrodynamic and
dispersion models are essential to support prompt decision-making during acciden-
tal releases.

By contrast, the scenario-based approach adopted in this study is intended for
mitigation, preparedness, and management planning. Instead of reproducing a spe-
ci c future event, it aims to characterize the range of circulation patterns and trans-
port pathways that are likely to occur under representative metocean conditions.
By precomputing a limited but statistically meaningful set of scenarios, the most
computationally demanding component, the hydrodynamic simulation, can be per-
formed of ine. This enables rapid dispersion assessments through Lagrangian sim-
ulations once an event occurs, by selecting the scenario that best matches the pre-
vailing conditions.

While real-time forecasting provides tactical responses to ongoing events, the
scenario-based framework provides a strategic assessment of potential environmen-
tal risk. By precomputing a library of representative metocean scenarios, we isolate
the fundamental transport mechanisms (e.g., windage contribution, retention du-
ration) that are often obscured in real-time forecast outputs. This methodological
novelty allows managers to identify 'worst-case' pathways and bottlenecks in ush-
ing before an event occurs, providing a robust tool for site-speci ¢ mitigation and
infrastructure planning.



This strategy is particularly well suited to semi-enclosed and sensitive environ-
ments. In ports, accurate dispersion modeling requires high spatial resolution and
the combined effects of wind, waves, tides, and regional circulation, making real-
time forecasting complex and resource-intensive. In lagoons, where hydrodynam-
ics are often controlled by a smaller set of forcings, primarily wind and tide, and
where variability is more constrained, a reduced number of representative scenarios
may be suf cient to capture the dominant circulation regimes. In both cases, pre-
computed scenarios provide a robust and ef cient framework for risk awareness,
contingency planning, and long-term management, complementing real-time fore-
casting tools used during emergencies.

Against this backdrop, this study proposes a methodology that captures the es-
sential range of metocean variability while remaining suitable for rapid deployment
in coastal environments. A representative set of scenarios is extracted from a 40-year
hindcast dataset through clustering approaches and used to drive high-resolution
hydrodynamic models. The resulting velocity elds are then used to simulate either
passive tracer transport or oil and HNS dispersion, depending on the case study. Fi-
nally, statistical post-processing frameworks are implemented to analyse the phys-
ical processes that govern water circulation and transport mechanisms in the do-
mains.

This modeling chain is applied to two local-scale case studies: a coastal lagoon
(Narta Lagoon) and a commercial port (the Port of Genoa).

Several con gurations are considered. For Narta Lagoon, the transport of par-
ticles uniformly released inside the lagoon is simulated to estimate the fraction of
particles that are able to leave the system under different scenarios. In a second
con guration, a cloud of particles is released in a limited area corresponding to the
outfall of the sewage system collecting wastewater from the nearby village, in order
to assess how such discharges may affect the lagoon. For the Port of Genoa, virtual
particles are uniformly released inside the port to investigate its ability to renew
its waters under different metocean scenarios. In addition, oil and HNS spills are
simulated along the main vessel routes and at two chemical storage sites, to raise
awareness of the potential impact of small, routine discharges in port areas.

Along the way, different analyses are presented, including an assessment of the
sensitivity of dispersion models to the choice of slip condition at the boundaries, and
the calibration of a suitable wind drag coef cient by comparing virtual and observed
drifter trajectories inside the port. A full chapter is devoted to the evaluation of
mixing properties, using single- and multiple-particle statistics to examine transport
mechanisms in greater detalil.

The ndings are intended to inform targeted management actions and contribute
to the preservation of ecologically and culturally signi cant coastal systems. By
integrating hydrodynamic variability, Lagrangian analysis and statistical diagnos-
tics, the proposed framework provides a scalable and operationally adaptable tool
to evaluate pollutant transport in semi-enclosed basins. By shifting the computa-
tional effort of ine through the use of precomputed velocity elds, the proposed
approach enables fast, scenario-based dispersion analyses that can effectively sup-
port preparedness and management decisions in the event of accidental releases.

The document is structured as follows. Chapter 1 presents the study areas and
the data used to implement the models. Chapter 2 describes the general methodol-
ogy. Chapter 3 de nes how and where the boundary conditions used to force the
hydrodynamic models are obtained. Chapter 4 presents the hydrodynamic models
and the associated post-processing analyses. Chapter 5 describes the PTMs and the



statistical tools applied to gain insights from them. Chapter 6 focuses on mixing
properties. Finally, Chapter 7 presents the discussion and Chapter 8 the conclusions.






Chapter 1

Study Areas and Data

Semi-enclosed basins, such as coastal lagoons, estuarine embayments and ports, oc-
cupy a relatively small fraction of the global ocean surface but play an important
ecological and socio-economic role. They are typically characterized by a restricted
connection with the open sea, complex coastlines and shallow bathymetry, which
together lead to circulation patterns and water exchange markedly different from
those of the adjacent shelf. These systems often host productive habitats, serve as
nursery areas for many marine species, and support a wide range of human activ-
ities, including sheries, navigation, tourism and urban development. At the same
time, their limited ushing capacity makes them particularly sensitive to external
pressures such as nutrient enrichment, contaminant inputs and morphological alter-
ations.

From a physical perspective, the weak and geometrically constrained exchange
with the open sea implies that local hydrodynamics are strongly controlled by the
interplay between tides, wind forcing, and the shape and con guration of inlets and
man-made structures. Small changes in forcing or geometry can therefore produce
large differences in residence times, pathways of transport and the spatial distribu-
tion of tracers. As a result, semi-enclosed basins are prone to long-lasting retention
of pollutants and to the development of water quality problems, but they can also,
under certain conditions, act as partial buffers that limit the export of contaminants
to the wider coastal ocean.

In this context, studying semi-enclosed basins is essential for at least three rea-
sons. First, their ecological and economic value makes them priority areas for con-
servation and risk reduction, where failures in management have immediate local
consequences. Second, their hydrodynamics are highly site-specic: the combi-
nation of local morphology, forcing and human modi cations means that results
from one system cannot be directly transferred to another without dedicated analy-
sis. Third, their con ned nature and relatively small spatial scales make them ideal
testbeds for the development and application of high-resolution hydrodynamic and
Lagrangian models, and for linking physical transport to exposure, impact and sup-
port decision-making. The two case studies considered in this thesis, Narta Lagoon
and the Port of Genoa, are representative of these issues in two different settings:
a shallow, ecologically valuable lagoon with very limited natural exchange, and a
large commercial port where engineered structures and intense maritime activity
strongly shape circulation and pollutant dispersion.

1.1 Narta Lagoon

Along the Albanian Adriatic coastline, lagoon systems play a prominent ecological,
cultural, and socio-economic role. These coastal water bodies, including the Narta
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