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Abstract

Accurate prediction of coastal–ocean hydrodynamics and associated coastal hazards remains

limited by the intrinsic complexity of representing multiscale, strongly coupled physical forc-

ings that govern these nonlinear systems. The present work formulates, develops and validates

an integrated numerical framework to resolve the emergent dynamics arising from such cou-

pled interactions. Traditional single-process models often disregard essential cross-scale feed-

backs among waves, currents, sediments, and benthic habitats, resulting in approximated rep-

resentations of hydrodynamic and morphodynamic system responses. To address these gaps,

a modular, multi-model framework was established through the progressive coupling of com-

plementary numerical cores within a shared unstructured-grid architecture, enabling seamless

representation of cross-scale exchanges, from open-ocean circulation to nearshore morphody-

namics and benthic interactions. This integrative configuration enables the consistent exchange

of momentum, mass, and energy across dynamic interfaces, thereby capturing the coupled feed-

backs that govern coastal system evolution, from air-sea exchanges and wave-current interac-

tions to biomechanical dissipation and sediment-driven bed adjustment, ultimately enhancing

the physical fidelity and predictive skill of coastal-ocean simulations.

The framework was progressively integrated through successive coupling stages, systemati-

cally incorporating physical processes to resolve the full complexity of these interactions. First,

a dynamically consistent two-way wave-circulation coupling, exchanging sea-state dependent

momentum fluxes, radiation stresses, Doppler shift, dynamic water depth, and effective wind

speed was established through idealized domains, and further applied to an extreme event driven

by a Mediterranean tropical-like cyclone. The wave-induced surge contribution to the total wa-

ter level, excluding unresolved swash-zone dynamics, and its impact on upper-ocean thermal

structure were then quantified, highlighting the critical importance of coupled modelling during
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extreme storms. The framework was subsequently extended to incorporate the biomechanical

influence of the marine benthic boundary layer on wave transformation through an improved

bottom-dissipation parameterization. Numerical experiments in the Balearic Islands (Mallorca)

and along the Civitavecchia coastline in the Tyrrhenian Sea quantified wave attenuation and

changes in spectral wave characteristics induced by the flexible representation of aquatic mead-

ows and their phenological cycles, emphasizing the coastal protection services provided by

benthic vegetation. Finally, a three-dimensional sediment transport and morphodynamics mod-

ule was implemented, incorporating unified wave-current bedform roughness and intra-wave

transport formulations, universal settling velocity, and Exner-based bed evolution feedbacks to

hydrodynamics. The module was benchmarked against the state-of-the-art and finite-element

coastal models on idealized domains, demonstrating robust performance across diverse flow

regimes, geometries and forcing fields, and reproducing characteristic erosion-deposition pat-

terns. The real-world application at the Tiber River delta further captured river-plume sediment

dispersal and offshore concentration patterns, showing agreement with both satellite observa-

tions and in-situ measurements.

Future work and existing limitations are outlined to inform subsequent model refinement and

applications. The integrated system developed in this study provides a transferable framework

for estimation of compound coastal hazards and contributes a concrete step toward more com-

prehensive representation of complex coastal-ocean dynamics.
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Chapter 1

Introduction

From the first numerical attempt by Richardson (1922) to solve Bjerknes’s primitive equa-

tions, the foundations of modern numerical weather prediction were laid. Though his six-hour,

hand-calculated forecast was impractical, it established the concept. With digital computers,

Charney’s team (Charney et al., 1950) produced one of the first forecasts on the ENIAC us-

ing a simplified barotropic model (Platzman, 1979). Phillips (1956) soon advanced this with a

multi-layer hemispheric model, proving the feasibility of operational forecasting. In the 1960s,

numerical methods extended to the ocean and later to wave modelling with spectral, third-

generation formulations (Hasselmann et al., 1973). Together, these developments formed the

basis of today’s coupled atmosphere-ocean models. Since then, atmospheric and oceanic models

have evolved dramatically, driven by exponential growth in computational power, progressing

from early vector supercomputers to massively parallel multicore architectures and unstructured

grids (Chen et al., 2003; Balaji et al., 2017). Concurrent innovations in software were essential

for harnessing this capability, including the development of parallel programming paradigms,

high-performance scientific libraries, and efficient numerical solvers (Bauer et al., 2015). These

hardware and software advances have enabled models to progress from idealized representa-

tions to comprehensive Earth system models, achieving increasingly fine spatial and temporal

resolutions while representing a suite of coupled physical processes (Eyring et al., 2016).
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1.1 Problem statement and rationale

Despite the advances in modelling techniques and computational power, many challenges re-

main. Coastal–ocean environments are governed by strongly nonlinear, multiscale forcing among

atmosphere, circulation, tides, waves, sediments, biogeochemical feedbacks and human inter-

ventions. Treating any of these drivers in isolation obscures feedback loops that affect stress

fields, modulate bottom boundary layer structure, alter sediment availability, and shift total wa-

ter level components. Fragmented approaches can lead to biased attribution of erosion, flooding,

morphodynamic adjustment, wave energy transformation, and turbulent mixing, that become

particularly acute during compound extremes when multiple drivers interact to amplify coastal

impacts. These limitations motivate the present work, which aims to advance understanding and

predictive capability in coastal–ocean systems through a multi-process, integrated numerical

modelling. The following sections examine the extreme drivers of coastal dynamics, emphasiz-

ing how coupled, forced, and cross-scale numerical approaches are essential to capture the full

complexity of coastal hazards and enhance model realism.

1.2 Storm surge, wave extremes and coastal erosion

Coastal zones are especially vulnerable both to acute and chronic hazards related to climate

variability and change, with an immediate impacts from extreme sea level events (Von Storch

and Woth, 2008). The main threats are rising sea levels, extreme waves, and storm surges, which

can cause land loss, coastal erosion, inundation, and changes in the physical-chemical properties

of seawater, which can affect biodiversity and ecosystem services in coastal waters (Edenhofer

et al. (2014)). Climate change has already caused substantial damages, and increasingly irre-

versible losses, in terrestrial, freshwater, cryospheric and coastal and open ocean ecosystems.

Cid et al. (2016) found positive trends in the duration of storm surges in certain Mediterranean
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areas, with increasing rates of 0.5−1.5 h/year, and large spatial variability with relative higher

values along the coasts. They have also found negative correlation with the NAO (North Atlantic

Oscillation) index to increase the number of extreme events. Camelo et al. (2020) investigated

the impacts of hurricane-induced storm surges in the Gulf of Mexico and Atlantic Coast and

found increased volumes of inundations with the average positive change of 13%, with higher

projections by the end of the century.

The extent and magnitude of climate change impacts are larger than estimated in previous as-

sessments, it exacerbated land degradation, particularly in low lying coastal areas, river deltas,

drylands, according to IPCC report (Lee et al. (2023)), where 50% of coastal wetlands have been

lost over the last 100 years, as a result of the combined effects of localised anthropogenic and

natural causes. Rising sea levels from climate change and associated storm surge may also pose

a significant risk for relatively vulnerable components of the electricity system (Entriken and

Lordan (2012)). Sea level rise will cause losses of coastal ecosystems and their services, flood-

ing and damages to coastal infrastructure, permanent submergence of areas, increased coastal

erosion and chronic long-term erosion, wetland change and loss, salinity intrusion into coastal

aquifers and the lower reaches of rivers (Wong et al. (2014)). Global land loss can amount up to

17,000 km2 during the 21st century, leading to 1.6 - 5.3 million people being forced to migrate

(Hinkel et al. (2013)).

Gravity waves are often primary drivers of coastal flooding and erosion over various time

scales, however the extreme wave height estimates are typically characterized by large statistical

uncertainty. Long-term satellite datasets analysis by Young and Ribal (2019) have shown that

wind-wave climate is changing with the positive trends in Southern Oceans by up to 15%, and at

high latitudes over North Atlantic and North Pacific by 5 to 10% in 21st century (Meucci et al.

(2020)). Based on CMIP (Coupled Model Intercomparison Project) the GCM-forced (Global

Climate Model) wind-wave simulations (Morim et al. (2019)) demonstrate robust changes in

annual mean significant wave height and mean wave period of similar ranges (5 - 15%), with
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shifting wave directions of 5-15◦. These studies show the projected changes exhibit strong inter-

hemispheric asymmetry, with the decreases in low to mid latitudes of Northern Hemisphere up

to 15% (Meucci et al., 2020; Morim et al., 2021). Wind-wave extremes are crucial for the

determination of coastal sea levels and coastal erosion, and changes in the climate may further

exacerbate the already predicted strong societal and economic impacts. Luijendijk et al. (2018)

analysis of the satellite derived shoreline data indicates that 24% of the world’s sandy beaches

are eroding at rates exceeding 0.5 m/year, while 28% are accreting.

1.3 Multi-model integration for coastal-ocean dynamics

These compounded pressures, together with the strong spatial–temporal heterogeneity of forc-

ing and response, necessitate an advanced integrated modelling approach. Therefore current

work adopts a multi-model, cross-scale approach in which complementary numerical cores,

such as circulation, spectral waves, and sediment/morphodynamics are combined to resolve

air–sea momentum and heat fluxes under evolving sea state, capture two-way wave–current in-

teractions driving surge and total water level (TWL), represent wave- and current-driven bed

shear stresses controlling resuspension and morphology, and accommodate strong resolution

gradients from open sea to the nearshore, leveraging the unstructured grid capabilities of the

models. Figure 1.3.1 illustrates the multi-model integration used in this work, indicating the

interactions between different model components through the exchange of scalar and vector

terms. In the following sections, we motivate and provide objectives for each constituent com-

ponent of this framework, by constructing the core coupled hydrodynamics (Section 1.3.1),

followed by the benthic boundary layer integration into the wave model (Section 1.3.2), and

sediments-driven morphodynamics (Section 1.3.3). Then the corresponding chapters will dive

into the details of the model implementation, experiments, and applications.
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Figure 1.3.1. Schematic representation of the multi-model integration framework. The arrows indicate the exchange of scalar

and vector terms between different model components. The dashed arrow indicates the yet unestablished interaction, that is not

considered in this work. η is the sea surface elevation, τb is the bottom friction, u is the current velocity, Hs is the significant

wave height, fp is the peak frequency, θ is the wave direction, ub is the near-bed wave orbital velocity, ζ is the bed elevation,

δζ is the bed level change, ∆T is the air-sea temperature difference, Sxy is the radiation stress tensor (Sxx,Sxy,Syy), and CD

is the neutral drag coefficient.

1.3.1 Waves and circulation

Ocean waves and currents interaction is of great importance for various applications (Li et al.,

2014; Zambon et al., 2014), including weather forecasting for sea surface temperature (SST)

predictions (Takaya et al. (2010)), as wave-induced mixing can strongly influence upper-ocean

stratification and heat exchange (Aijaz et al. (2017)), leading to significant cooling and deepen-

ing of the mixed layer. In coastal zones, waves play a crucial role in modulating water levels and

driving littoral processes (Longuet-Higgins and Stewart (1962)), particularly through the gener-
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ation of longshore currents and cross-shore transports that shape sediment dynamics and shore-

line morphology (Bühler and Jacobson, 2001; Longuet-Higgins, 1970). The coupling objectives

within the scope of this work is to investigate the effects of a two-way coupled wave-circulation

modelling during extreme weather events, with a particular focus on the Mediterranean tropical-

like cyclones, also known as Medicanes (Cavicchia et al. (2014)). These are extreme cyclonic

windstorms with a frequency of one to two events per year evolving over the Mediterranean

Sea and posing a serious threat to the densly populated coastal areas (Romero and Emanuel

(2013)). By utilizing a high-resolution unstructured numerical grid shared between the wave

and circulation models, we explore wave-current interactions in both open ocean and the coastal

environment in Chapter 2 (Causio et al. (2025)). This defines the core wave–current interaction

layer that underpins subsequent extension to sediment transport and morphodynamics through

wave- and current-enhanced bed shear, resuspension, and consequent bed evolution.

1.3.2 Benthic boundary layer

Benthic boundary layer is the layer of the water column, directly above the seabed, where

the flow is influenced by the presence of benthic habitats, such as seagrasses, kelp and coral

reefs, acting as significant roughness elements. These habitats modify the velocity profiles

(Beth Schaefer and Nepf (2022)), increase turbulence, creating eddies and swirls, and exert drag

forces altering the transport of nutrients and sediments (Reidenbach et al., 2006; Monismith

et al., 2019). Marine habitats are of great importance to the coastal environment providing many

services, such as shoreline stabilization via wave energy attenuation and bed shear stress reduc-

tion (Paul et al., 2012); sediment trapping, consolidation and decreased resuspension (Gacia and

Duarte, 2001); blue-carbon sequestration with long-term burial of organic carbon in matte/sed-

iments (Johannessen, 2023; Bulmer et al., 2024); nursery, spawning and refuge habitat enhanc-

ing biodiversity and fisheries productivity; nutrient cycling and transformation, through uptake,

remineralization, and denitrification facilitation (Wang et al., 2020); water quality improvement
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via particulate interception and oxygen release (Paynter, 2024; Roca et al., 2015); natural coastal

defense mitigating (Sánchez-González et al., 2011; Infantes et al., 2012). Among the dominant

physical disturbances degrading these vegetated canopies are high-energy storm events, whose

intensified orbital velocities and episodic shear can induce blade breakage, canopy thinning, lo-

calized scour, and rhizome exposure (Oprandi et al., 2020b). Conversely, continuous and struc-

turally complex seagrass meadows attenuate incident wave energy through form drag, blade

reconfiguration and induced turbulence, preferential damping of short (high-frequency) com-

ponents, and consequent reductions in significant wave height, steepness, and near-bed shear

stress (Beudin et al., 2017; Vettori et al., 2025).

These contrasting roles of benthic canopies, as both dissipators and responders to hydrody-

namic forcing, demand that their influence on wave propagation and near-bed stress be explicitly

represented in the coastal models. To address this, we quantify the one-way biomechanical ef-

fect of the P. oceanica meadows on wave transformation in the Balearic Islands by applying a

flexibility term within the bottom dissipation of the spectral wave model. Decadal seasonal ob-

servations are integrated to represent seagrass phenological cycles, and the resulting variability

of wave attenuation along the Civitavecchia coastline is evaluated in Chapter 3.

1.3.3 Sediment transport and morphodynamics

Shallow deltaic and estuarine margins experience tightly coupled wave, current, tidal, and river

forcing, which necessitate tools capable of accounting for the interactions between the main

factors that drive sediment transport, shoreline and seabed evolution patterns (Seminara, 2001;

Pye and Blott, 2006). Process control resides in the bottom boundary layer: oscillatory wave

orbital motion superimposed on mean current shear sets the instantaneous distribution of bed

stresses, defines bedform regime through the form drag, and dictates thresholds for initiation

of motion, deposition and re-suspension (Grant and Madsen, 1979; Myrhaug, 1995; Soulsby,

1997; Julien, 2010; Van Rijn, 1993). When combined, waves and currents control the rout-
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ing of suspended and bedload sediments, particularly in the surf zone (Bowen, 1969; Franz

et al., 2017). Ignoring coastal erosion patterns may lead to underestimation of flood hazards, as

morphodynamic adjustments can amplify flooding by up to 15%, and more in case of extreme

events (Cueto et al., 2022). Many established sediment transport and morphodynamics (STM)

models rely on domain-limited idealized geometries, parameterized wave forcing, uniform flow

regime - bedload transport formulations, lack feedbacks between evolving bathymetry and hy-

drodynamics, and are opted for specific purposes as detailed in Hoagland et al. (2023). A major

challenge in developing a generic and comprehensive model is the scarcity of observational

datasets and robust validation methodologies (Bosboom et al., 2020). Such validation would re-

quire high-resolution bathymetric surveys resolving local bed slopes that govern particle rolling

and sliding, together with sustained time series of suspended and near-bed sediment concentra-

tions (SSC) in the water column. Consequently, the development of STM models often relies on

idealized domains benchmarked against laboratory experiments before application to real-world

settings, a process that necessitates accounting for a wide range of interacting flow regimes and

forcing conditions. Foundational experimental and theoretical studies (e.g., Lanzoni and Sem-

inara, 2002; Tambroni et al., 2005, 2010) provide critical insight into the morphodynamics of

tidal inlets and channels under controlled conditions. Although their focus on idealized, tidally

dominated systems differs from the event-driven, wave–current coupled configuration examined

here, they represent valuable benchmark cases for future validation of long-term inlet evolution

and sediment–vegetation interactions (D’Alpaos et al., 2007), and the environments governed

by these systems (Tambroni and Seminara, 2006).

Building on the earlier SHYFEM-based sediment transport module (Ferrarin et al., 2008),

we introduce several key enhancements to better capture the coupled dynamics of waves, cur-

rents, and seabed evolution. The updated formulation incorporates offline spectral wave forcing

from the coupled core (Section 1.3.1), applies unified wave–current shear and bedform rough-

ness parameterizations for ripples, megaripples, and dunes based on Van Rijn (2007), and em-
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ploys intra-wave bedload transport to resolve short-term variability in bottom stresses. We com-

pute suspended-load profiles with a Rouse distribution and evaluate the vertical integral using

composite Simpson’s rule to better resolve near-bed concentrations. The model further distin-

guishes between imposed initial seabed morphology and time-varying riverine sediment sup-

ply, while feeding Exner-based bed evolution back into the hydrodynamics via the free surface

equation, ensuring that bathymetric changes instantaneously influence currents and stresses.

Riverine morphodynamic feedbacks are also represented through secondary-current effects, as

well as slope and angle corrections to the bedload transport vector. This extended STM model

is implemented within the SHYFEM-MPI (Micaletto et al., 2022), sharing time-stepping and

the unstructured grid with the circulation and wave cores. The wave-aware, enhanced three-

dimensional STM model is first tested on idealized configurations of a tidal inlet and a river

meander reach to benchmark bed evolution and hydrodynamics against reference models in

Chapter 4. It is subsequently applied at the complex coast off the Tiber River mouth (Lazio

coast) to assess long-term performance using in-situ measurements and satellite-derived sus-

pended particulate matter.

1.4 Thesis objectives

Following the detailed exposition of the scientific context and methodological developments in

the preceding sections, the ensuing synthesis encapsulates the central aims of this study. The

primary objective of this thesis is to develop, validate, and apply an integrated, multi-model

numerical framework to advance the understanding and prediction of complex coastal–ocean

dynamics, consistent with the United Nations Decade of Ocean Science for Sustainable De-

velopment (2021–2030) (Ryabinin et al., 2019), which calls for transformative ocean science

to reverse the decline in ocean health and to catalyse equitable use of marine resources. In line

with the UN Decade’s goals this work contributes to the development of a coherent, observation-
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informed modelling framework. The approach integrates multiple physical processes to improve

predictability of coastal–ocean responses to natural and anthropogenic pressures. Specifically,

this overarching aim is subdivided into the following research constituents:

1. Establishment of a dynamically consistent two-way coupling on a shared unstructured

grid to quantify mutual interactions between wave and circulation fields, including sea-

state dependent momentum flux, radiation stress, Doppler shift, dynamic water depth for

waves, and effective wind speed. The coupled system is applied to Mediterranean tropical-

like cyclones (Medicanes) to assess effects on storm surge, total water level, and upper-

ocean stratification (Chapter 2).

2. Representation of the biomechanical influence of Posidonia oceanica meadows on wave

transformation by incorporating flexible canopy-induced bottom dissipation within the

spectral wave model. Seasonal variability in wave characteristics is assessed through the

synergistic integration of long-term observational data within the numerical model, to eval-

uate the role of vegetated beds in attenuating wave energy along the Civitavecchia and

Balearic coasts (Chapter 3).

3. Extension of the SHYFEM-MPI sediment module to incorporate unified wave–current

shear and bedform roughness parameterizations, intra-wave bedload transport, and dy-

namic feedback of bed evolution on hydrodynamics. The model is first validated against

idealized benchmarks and then applied to the Lazio coast, along the Fiumicino coastal

zone, to examine coupled morphodynamic responses under realistic wave, current, and

riverine forcing (Chapter 4).

Together, these objectives establish a unified modelling strategy that links hydrodynamic,

benthic, and morphodynamic processes, enhancing realism and robustness in simulations of

coastal extremes. The thesis is structured to reflect this progression, systematically presenting
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the development, validation, and application of each component within the unified modelling

framework. Chapter 5 synthesizes the principal findings and presents the conclusions.
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Chapter 2

Coupling ocean currents and waves for

seamless cross-scale modelling

This section is dedicated to the publication of the Causio et al. (2025) study in the journal of

Ocean Science. It describes the development of the two-way coupling between SHYFEM-MPI

and WW3 numerical models, with the objective of studying the Medicane Ianos and the analysis

of the impact on wave- and circulation models through the exchange of the scalar and vector

terms. It aims to develop the core coupled interface as illustrated in Figure 2.0.1.

Figure 2.0.1. Schematic representation of the two-way coupling between SHYFEM-MPI and WW3 models. It represents the

core wave-current interaction layer that builds the foundation for the multi-model integration framework (Figure 1.3.1).

2.1 Physics of coupled systems and the scope

Advanced knowledge on surface wind-driven gravity waves and currents, and their interactions

in the ocean is of great relevance to many decision support systems, such as meteocean forecast-
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ing, early warning for storm surge events, oil spill evolution, search and rescue, beach erosion,

site choices for offshore infrastructure (Hashemi and Neill (2014)). Physically, the surface grav-

ity waves can affect the vertical mixing, as well as surface and bottom stresses experienced by

currents. Surface waves and currents can also exchange energy through the concept of radiation

stress (Longuet-Higgins and Stewart (1961); Mellor (2003)) or vortex force (VF) (Ardhuin et al.

(2008); McWilliams et al. (2004)). In return, ocean currents can modify the relative speed of

the air above the sea surface (relative wind effect) and change the absolute frequency of waves

due to the Doppler shift. Spatial variability of currents can modify the relative wave frequency

and cause wave refraction, shoaling, and breaking that mimic bathymetric effects.

2.1.1 Storm-induced coastal hazards and Mediterranean cyclones

An accurate computation of the total water level (TWL) during storm surge events combining

multiple drivers (e.g. surges, tides, waves) becomes relevant to forecast flooding and impacts in

coastal and urban areas. Kim et al. (2008) used a coupled surge-wave-tide (SuWAT) model to

demonstrate that high tides can mitigate storm surges. Their study highlighted the relationship

between locally generated surge and wave setup with the tidal state. They emphasized that con-

sidering surges, waves, and tides independently can lead to an overestimation of TWL Addition-

ally, they underscored the importance of incorporating bottom friction, wind-wave interactions,

and wave-current interactions for more accurate storm surge estimations. Continuing the devel-

opment, with the focus on the effects of wind stress parameterizations and wave-induced radia-

tion stress on storm surge, Kim et al. (2010) estimated 40% contribution of radiation stresses to

the peak sea level rise.

Jo et al. (2024) studied the typhoon-caused inundations concluding that uncoupled models

overestimate wave-overtopping peak discharge by 8%. Hsiao et al. (2019) used fully coupled

circulation-wave model (SCHISM + WW3) to simulate super typhoon events. They observed

that surface waves, especially wave setups exhibited the most significant nonlinear interaction
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with storm tides, while wave-tide interaction was relatively minor. Dietrich et al. (2011) coupled

a shallow-water model (ADCIRC) with the wave model SWAN, utilizing the same unstructured

grid to simulate the waves and storm surges induced by the hurricanes Katrina and Rita in

the Gulf of Mexico. The model demonstrated that as the hurricane Katrina moved onto the

continental shelf, depth-limited breaking waves exerted stresses on the water column, increasing

overall water levels by 0.2–0.3 m and driving currents, contributing up to 35% of the TWL and

10% of overall currents in the region.

Extreme meteorological events are intensifying in the Mediterranean Sea due to climate

changes, among these we have the Mediterranean tropical-like cyclones or Medicanes (Cav-

icchia et al. (2014); Sánchez-Arcilla et al. (2016)). Medicanes are rare meteorological phenom-

ena that exhibit characteristics similar to tropical cyclones, such as a warm core, eye formation,

and strong winds. These systems, however, form and evolve under the unique conditions of the

Mediterranean Sea, typically during the autumn and early winter months when sea surface tem-

peratures are sufficiently warm to support their development (Cavicchia et al. (2014)). Although

Medicanes are generally less intense and shorter-lived compared to their tropical counterparts,

they can still cause significant damage and pose considerable risks to the regions they affect.

Notable examples include Medicane Rolf in 2011 and Medicane Zorbas in 2018, both of which

provided valuable insights into the dynamics and impacts of these systems (Flaounas et al.

(2022)).

2.1.2 Medicane Ianos and the objectives

Among the most harmful recent Medicanes is Medicane Ianos, which struck Greece in Septem-

ber 2020, causing widespread damages, exceeding 700 millions of dollars and resulting in hu-

man casualties (Diakakis et al. (2023)). The study of Medicanes is crucial for advancing our

understanding of these phenomena and enhancing preparedness and response strategies in the

Mediterranean region (Ferrarin et al. (2023)).
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This study aims to investigate the impact of a two-way coupled wave-circulation model on

ocean dynamics during extreme events, with a focus on Medicane Ianos. Using very high-

resolution and unstructured numerical grid, we describe the contribution of wave-currents in-

teraction during one of the most intense cyclones in the Mediterranean Sea. We carried out this

work using a new modelling framework based on SHYFEM-MPI (Micaletto et al. (2022); Verri

et al. (2023)) and a state-of-the-art community wave model WAVEWATCH III (hereafter WW3)

(Tolman et al. (2009); WW3DG). For this study, an external Python-based coupler is developed

to manage the mutual exchanges between the numerical cores, enabling two-way coupling. The

WW3 model is widely used by several organizations worldwide to simulate waves in various

systems across different regions, ranging from global (Alday et al. (2021); Brus et al. (2021);

Mentaschi et al. (2020)) to regional (Abdolali et al. (2020); Causio et al. (2021); Causio et al.

(2024)) and coastal scales (Pillai et al. (2022b); Pillai et al. (2022a)).

The SHYFEM model has previously been coupled with wave models, as in Roland et al.

(2009). It serves as the circulation core of the storm surge early warning system Kassandra (Fer-

rarin et al. (2013)) and has recently been employed to analyze uncertainties related to the simu-

lation of the Medicane Ianos (Ferrarin et al. (2023)). In these studies, they adopted a barotropic

implementation, with the unstructured WWMIII wave model (Roland et al. (2009)) integrated

through hard-coupling.

Present work incorporates new processes into the two-way coupling between SHYFEM-

WW3, including the sea state dependent momentum flux and wind field correction based on

the air stability parameter. The study marks the first study to implement a three-dimensional

baroclinic version of wave coupled SHYFEM model.

The reliability of the results and the code are validated using well-established idealized

benchmarks and analytical results. Specifically, we use the planar beach (Xia et al. (2020))

and the wave-tidal-driven inlet (Cobb and Blain (2002)). Furthermore, this newly developed

coupled system is applied to a real-case, simulating the impacts of Medicane Ianos on ocean
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and wave fields, as well as their interactions, using a cross-scale unstructured-grid domain. This

domain enables us to examine both (i) open ocean features, such as sea surface cooling induced

by the Medicane, the impact of the coupling on vertical profiles, and the effects of circulation on

large scale wave dynamics, and (ii) local coastal features, including TWL and wave contribution

to storm surge.

The work is structured as follows. Section 2.2 introduces the modelling framework, including

the circulation and wave modelling suite as well as the coupling methodology. Section 2.3 val-

idates the coupling procedure using idealized test cases. Section 2.4 investigates the Medicane

induced effects on the ocean, with a specific focus on coastal storm surge. Finally, the results

are presented in Section 2.4.2, followed by the discussion in Section 2.5.

2.2 The modelling framework

This study is based on a coupled modelling framework built on WW3 and SHYFEM-MPI. Both

models run on the same unstructured computational grid, a classic methodology in coupled

unstructured modelling, used from early studies to the most recent ones, such as in (Mentaschi

et al. (2023)). This avoids further interpolations, and it allows a seamless approach to address

large-scale and coastal processes. Unstructured grids also ensure an accurate representation of

both natural and artificial irregular coastal features (Bertin et al. (2014)), and it allows for high-

resolution modelling along the coast.

2.2.1 Circulation modelling

The circulation model used in this study is SHYFEM (System of HydrodYnamic Finite Ele-

ment Module), a 3D baroclinic finite-element hydrodynamic model (Umgiesser et al. (2004);

Federico et al. (2017); Verri et al. (2023)) that solves the Navier–Stokes equations by applying

the hydrostatic and Boussinesq approximations. The SHYFEM-MPI version, developed by the
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Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC) Micaletto et al. (2022), is used

in this study and, for the first time, is coupled with the wave model WW3.

The model employs a semi-implicit algorithm for time integration, providing unconditional

stability with respect to gravity waves, bottom friction, and Coriolis terms, thus allowing trans-

port variables to be solved explicitly. The Coriolis term and pressure gradient in the momentum

equation, along with the divergence terms in the continuity equation, are treated semi-implicitly.

Bottom friction and vertical eddy viscosity are treated fully implicitly for stability reasons,

while the remaining terms (advective and horizontal diffusion terms in the momentum equa-

tion) are treated explicitly. The finite element discretization is applied on unstructured B-type

grids. More detailed descriptions of the model equations and discretization methods are pro-

vided in Micaletto et al. (2022) and Verri et al. (2023).

A select group of circulation models utilize the finite element method (FEM) on unstruc-

tured domains, including TELEMAC-3D (Moulinec et al., 2011), SELFE (Zhang and Baptista,

2008), which evolved into the semi-implicit, cross-scale SCHISM (Zhang et al., 2016), the

large- to global-climate-scale ocean-sea ice model FESOM (Wang et al., 2014), as well as the

coastal model Thetis (Kärnä et al., 2018), implemented via the FEM solver - Firedrake platform

(Rathgeber et al., 2016), leveraging high-level abstractions to define the weak formulation of

the governing partial differential equations.

These models have been successfully applied to predicting complex tidal dynamics (Eric

Jones and Davies, 2006) and high-resolution storm surges through coupled wave-circulation

modeling (Bertin et al., 2015). Their primary advantage lies in superior geometric flexibility,

given by unstructured discretization (Chen et al., 2003), which allows for the precise represen-

tation of coastlines and steep bathymetric gradients without grid-stepping artifacts, even facil-

itating the implementation of advanced adaptive meshing mechanisms (Danilov, 2013; Piggott

et al., 2008). In addition, the FEM formulation is based on a variational form of the govern-

ing equations, enabling consistent treatment of irregular boundaries and supporting higher-



2.2 THE MODELLING FRAMEWORK 35

order spatial approximation and local mesh refinement within a unified mathematical frame-

work making it attractive for ocean circulation modelling (Fix, 1975). FEM formulations have

demonstrated superior accuracy and stability compared to those obtained with traditional finite-

difference methods (Dumas et al., 1982).

Despite these benefits, FEM-based models typically entail higher computational overhead

compared to finite-difference models. They also face numerical challenges, such as the require-

ment for stabilization in advection-dominated flows (Wang et al., 2008), and often necessitate

solving a fully coupled global system, which can limit parallel efficiency compared to finite

volume (FV) methods (Danilov, 2012).

Therefore, by utilizing a staggered mixed-finite-element discretization and a semi-implicit

time-stepping scheme, the numerically stable SHYFEM-MPI emerges as a suitable candidate

for wave-circulation coupling and the establishment of morphodynamic modules. This frame-

work allows mesoscale dynamics to be finely resolved in coastal areas while maintaining com-

putational tractability in the open ocean. Besides, the model has been successfully applied in

operational (Federico et al. (2017)) and relocatable forecasting systems (Trotta et al. (2021)),

storm surge events (Alessandri et al. (2023); Park et al. (2022)), and as a part of a digital twin

(Pillai et al. (2022b)).

In this work, we implemented the transport and diffusion equation for tracers, with horizontal

and vertical advection values based on a total variation diminishing (TVD) scheme. An upwind

scheme is employed to discretize the horizontal advection of momentum, and the Smagorinsky

(1963) formulation is used to compute horizontal eddy viscosity. Vertical viscosities and diffu-

sivities are calculated using a k− ϵ scheme adapted from the General Ocean Turbulence Model

(GOTM) (Burchard and Petersen (1999b)). Bottom stress is computed using the quadratic for-

mulation with a bottom drag coefficient defined based on the logarithmic formulation and water

depth. In the logarithmic formulation, the von Karman constant is assigned a value of 0.4, and

the bottom roughness length is 0.01.



2.2 THE MODELLING FRAMEWORK 36

2.2.2 Wave modelling

The wave model used is WW3 v6.07, a third-generation wave modelling framework that incor-

porates the latest scientific advancements in wind-wave modelling and dynamics. Developed

by the US National Centers for Environmental Prediction (NOAA/NCEP) and inspired by the

WAM model (Komen et al. (1984)), WW3 solves the random phase spectral action density bal-

ance equation for wavenumber-direction spectra. The model includes options for shallow-water

(surf zone) applications and features numerical schemes capable of solving the propagation of

a wave spectrum at high resolutions on unstructured (triangular) grids (Abdolali et al. (2020)).

In this study, the wave energy spectra are discretized into 24 equally spaced directional bins

covering the full circle, and a 30 log-varying frequency discretization (0.05–0.7932 Hz). The

source input and dissipation terms are based on the Source Term 4 (ST4, package T741) physics

from Ardhuin et al. (2010). Non-linear wave-wave interactions are implemented using the Dis-

crete Interaction Approximation (DIA) from (Hasselmann et al. (1985)). Bottom friction is

defined using the JONSWAP parametrization (Hasselmann et al. (1973)), and depth-induced

breaking follows the criterion described by Battjes and Janssen (1978) and Miche (1944) for

defining the breaking threshold. Furthermore, we calibrated the wind-wave coupling parameter

(BETAMAX=1.43) to improve model results and reduce the underestimation of wave height.

Nonlinear triad interactions are modeled using the Lumped Triad Approximation (LTA) model

of Eldeberky and Battjes (1996). Second-order propagation scheme Contour Residual Distribu-

tion – Positive Streamline Invariant (CRD-PSI) (Roland et al. (2009)) is used to describe wave

propagation with a global timestep of 200s.

2.2.3 Coupling methodology

The two-way interaction in the modelling framework is achieved via an external Python-based

coupler, which has the advantage of using the native versions of the standalone models, thereby
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minimizing code changes. The primary changes applied to the native codes relates to new phys-

ical processes inclusion. For this study, multiple sensitivity tests are conducted to evaluate the

system’s response to the coupling frequency (∆tcoupling), identifying 1 hour as an optimal bal-

ance between the exchange frequency and the computational performance. However, ∆tcoupling

is set to 30 minutes for the idealized test cases to be consistent with previous studies, while 1

hour is used for the real case.

The main objective of this study is to characterize the wave-induced surge component in the

total water level, with a focus on the effect of waves on circulation. This involves incorporating

the theory of Longuet-Higgins and Stewart (1961). Additionally, to provide a more comprehen-

sive set of interactions from coastal to large scale, we include sea-state-dependent momentum

flux, based on the neutral drag coefficient, as described by Clementi et al. (2017). Conversely,

to preserve the integrity of two-way interactions, the effect of circulation on waves is addressed

by incorporating the Doppler shift induced by surface ocean currents, by dynamically updating

the water depth based on the sea-surface height and by correcting the wind field according to a

stability parameter dependent on the air-sea temperature difference (Abdalla and Bidlot (2002)).

This approach accounts for wind gustiness, which can enhance the representation of extreme

conditions during storms (Abdalla and Cavaleri (2002)).

A schematic representation of the two-way coupling is shown in Figure 2.2.1 and detailed be-

low. The circulation model receives the radiation stress components and the wind neutral drag

coefficient computed by the wave model. The radiation stress components Sxx, Sxy and Syy ac-

count for wave transformation in coastal areas, resulting in a net flux of momentum. According

to the Longuet-Higgins and Stewart (1964) theory, wave setup balances the shoreward gradient

in radiation stress, with the sea surface pressure gradient counteracting the gradient of incoming

momentum. The wave-induced momentum flux (F ), derived by the gradients of the radiation

stress is estimated and included in the momentum equation (Eq. 2.2.1).

F =
1

ρ

(
∂Sxx

∂x
+

∂Sxy

∂y
,
∂Sxy

∂x
+

∂Syy

∂y

)
(2.2.1)
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Figure 2.2.1. The coupling procedure between SHYFEM-MPI and WW3. When the simulation starts, models exchange infor-

mation after the first time step (e.g. ∆t0 = 300s), then exchange every ∆tcoupling (e.g. every 1h). SHYFEM-MPI sends sea

level (h), current fields (u,v) and air-sea temperature difference (∆T ) to WW3. WW3 sends neutral drag coefficient (CDn ) and

radiation stresses (Sxx, Sxy , Syy) to SHYFEM-MPI.

The sea-state dependent wind stress involves exchanging the neutral drag coefficient from

the WW3 wave model, following Clementi et al. (2017). This coefficient is computed using

a formulation derived from the quasi-linear theory of wind-wave generation, as developed by

Janssen (1989), Janssen (1991) and based on Miles (1957). According to this theory, the neutral

drag coefficient (CDn) (Eq. 2.2.2) depends on the effective roughness length, which is influenced

by the sea state through the wave-induced stress estimated from the wave spectra.

CDn =

 κ

log
(

zu
z0

)
2

(2.2.2)

Where zu is the height of the wind forcing, κ= 0.4 is the von Karman constant, and z0 is the

roughness length modified by the ratio of the wave-supported stress τw to the total stress τ , as
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in Eq. 2.2.3. τw represents the flux of momentum that is directly input into the wave field by the

wind.

z0 =
α0τ√

1− τw/τ
(2.2.3)

Where α0 = 0.0095. The CDn is transferred to the circulation model for the estimation of the

turbulent drag coefficient according to Large (2006). The circulation interacts with the wave

field through sea level, currents, and air-sea temperature difference. The sea level (η) allows for

a dynamic adjustment (d) of the water depth (h) in the wave equations as in Eq. 2.2.4:

d= h+ η (2.2.4)

Ocean currents influence wave characteristics, including wavelength, amplitude, wavenumber,

and direction. In the WW3 model, the Doppler shift accounts for the changes in wave frequency

due to the relative motion between waves and currents, which can be expressed as in Eq. 2.2.5:

ω = σ+k ·U (2.2.5)

ω: absolute frequency, σ: relative frequency, k: vector of wave number, U: current velocity.

The stability of the atmosphere is influenced by the air-sea temperature difference (∆T ).

Tolman (2002), inspired by the work of Abdalla and Bidlot (2002), formulated a stability cor-

rection replacing the wind speed in WW3 with an effective wind speed, ensuring that the wave

growth correspond to both stable and unstable wave growth patterns. The ∆T defines a stability

parameter according to Eq. 2.2.6:

ST =
hg

U2
z

∆T

T0

(2.2.6)

Uz: wind speed at height z, ∆T : air-sea temperature difference, T0: reference temperature. ST

is used to compute effective wind speed, Ue (Eq. 2.2.7):

Ue = U10

(
c0

1± c1tanh[c2(ST −ST0)]

) 1
2

(2.2.7)

U10: wind speed at 10m, c0: 1.4, c1: 0.1, c2: 150, and ST0: -0.0.1.
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2.3 Validation of the coupled model

The robustness of the two-way coupling and its physics is assessed and evaluated through ide-

alized numerical experiments. The test cases selected for this assessment include two common

benchmarks for the wave-currents interaction at coastal scale: a planar beach (Figure 2.3.1(a))

from Xia et al. (2020) and an idealized tidal inlet (Figure 2.3.1(b)) from Cobb and Blain (2002).

Figure 2.3.1. Numerical domain and bathymetry of the two idealized benchmarks: the planar beach (a) and the tidal inlet (b).

Dashed red lines show the transect from point 1 to point 2, where the numerical solutions were assessed. The dotted box in (b)

denotes the area magnified and is shown later in the 2.3.3.

Table 2.3.1 lists the acronyms of the simulations used for the validation of the idealized

testcases.

2.3.1 Planar beach

The planar beach is used in this work for assessing the wave setup/setdown along the transect

1-2 (Figure 2.3.1(a)). The results obtained from our numerical model are compared with the
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Table 2.3.1. Configurations and nomenclature for the numerical setup used in this study.

Abbreviation Description

W-O Standalone wave model

C-O Standalone circulation model

W-C Two-way coupled system wave–circulation

C-WF Circulation model forced by wave

analytical solution as described in Xia et al. (2004), to validate the accuracy and reliability of

the implementation in modelling wave contributions to the surge, ensuring that the modeled

outcomes are consistent with the theoretical solution. The validation is carried out utilizing

the C-WF configuration, where the wave model exclusively provides inputs (forcing fields) to

the circulation model. This setup allows the model to reach a semi-stationary condition more

quickly.

The planar beach is a gently sloping square basin with a side length of 960 m, as illustrated

in Figure 2.3.1(a). The bathymetry is constant along the shore and slopes linearly from 0 to 12

m in the cross-shore direction. The numerical grid has 5400 elements and 2797 nodes, and a

horizontal resolution of approximately 20 m. The vertical discretization consists of 12 z-levels,

each with a thickness of 1 m. The wave model is forced along the open boundary by waves with

a 2 m significant wave height (SWH), a peak period of 10 seconds, and a 10-degrees oblique

angle relative to the shore-normal direction, using a JONSWAP spectral shape. The circulation

model starts from a resting state and is only influenced by the radiation stress from the WW3

model, with no other external forcings applied. These simulation conditions derive from Xia

et al. (2020)

As the waves propagated from the offshore open boundary within the model domain, they

start to shoal and breaking approximately 600 m from the shore, at which point the depth-

induced breaking criterion is met. As shown in Figure 2.3.2, the simulated surface elevation
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produced by the circulation model match properly with the analytical solution (Wang and Sheng

(2016); Xia et al. (2004)).

Figure 2.3.2. Planar beach testcase: comparison between model and analytical solution along the transect 1-2 shown in Figure

2.3.1(a). The testcase verifies the C-WF simulation, assessing the role of wave set-up (via radiation stresses) to the total water

level.

2.3.2 The coastal inlet

A second benchmark defined as coastal inlet, is used in this study to conduct a series of sim-

ulations that highlight the interactions between waves and sea level. These simulations enable

the assessment of wave-induced circulation, the impact of currents on wave dynamics, and

the mutual interactions between waves and currents. We conducted several simulations using

the following configurations: W-0, an uncoupled wave model simulation; C-0, an uncoupled

circulation model simulation; C-WF, where the wave model exclusively supplies fields to the

circulation model; and W-C, the two-way coupled configuration. The outcomes of our simula-

tions are then compared with those reported in the existing literature, as cited in the discussion

of the results.
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The tidal inlet (Figure 2.3.1(b)) used in this study derives from the work of Cobb and Blain

(2002), based on Kapolnai et al. (1996). The domain recreates an inner basin (lagoon or em-

bayment) measuring 20 km by 10 km, linked to an outer ocean basin of 49 km by 20 km on the

continental shelf via a narrow 3 km long and 2 km wide channel. The bathymetry shows a linear

slope from a depth of 14 m offshore to 5 m at the channel’s entrance, with a consistent depth

of 5 m beyond the channel. The unstructured grid resolution is approximately 125 m within the

channel and the surrounding area and 1 kilometer throughout the remainder of the domain.

The simulation conditions, as in Kapolnai et al. (1996), are detailed as follows. The wave

model is forced at the lateral open boundary with a wave field featuring a peak period of 10

seconds, a SWH of 1 m, and a JONSWAP spectral shape. The waves are set perpendicularly

to the southern boundary of the domain. Two different boundary conditions are applied to the

offshore boundary depending on the type of simulation. If the circulation model is forced only

with waves, a zero-gradient boundary condition is enforced along this boundary to simulate an

unperturbed sea surface (in this region wave induced set-up/set-down should not be significant).

When the circulation is forced with both waves and tides the offshore boundary elevation is

modulated with specified M2 tidal component with 0.15 m of amplitudes and zero phase at the

boundary.

In Figure 2.3.3 we present a snapshot of the results at the 48-hour timestep from the two

uncoupled simulations W-0 (a) and C-0 (c), and the coupled W-C (b and d) simulations, with

a magnification on the area of the inlet as indicated in Figure 2.3.1. The area of magnification

is reduced in the plots showing the currents to better appreciate the vectors’ patterns. In the

experiment W-0 (a) the wave field demonstrats an homogeneous SWH of approximately 1.2

m as it approaches the inlet, with a reduction along the boundary of the inlet and a spread of

around 60° in the lagoon, reaching a maximum SWH of about 0.8 m at the northern bound-

ary. The W-C experiment (b) displays a markedly different and asymmetric pattern as shown in

previous work as Cobb and Blain (2002). The maximum SWH in this domain exceedes 1.4 m,
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and at the mouth of the inlet, the SWH is higher than in the uncoupled experiment. The wave

spread in the lagoon is larger, around 80°, and the maximum SWH at the northern boundary is

lower than the uncoupled simulation, reaching a maximum of 0.5 m. According to the differ-

ence in spreading, we can assume that it is caused by wave refraction induced by non-uniform

currents, which enhances both physical anc numerical spreading. On the other hand, W-0 ex-

hibits reduced numerical diffusion which is a characteristic of the WW3 high-order propagation

schemes, as the one used here. Interestingly, the presence of currents in W-C appears to mitigate

this phenomenon. The simulation C-0 (c) depictes the currents along the inlet, revealing four

small meanders at the corners of the inlet and a central jet flanked by two eddies. Additionally,

two large, nearly symmetrical eddies are observed in the lagoon. In the coupled simulation W-C

(d), the four meanders shift towards the center, resulting in the formation of two eddies between

the meanders and the inlet walls. The central jet is less pronounced compared to the C-0 simu-

lation, and the velocities at the inlet mouth, diverging outward, are more intense. This increased

intensity contributes to the rise in significant wave height (SWH) observed in Figure 2.3.3(b).

Inside the lagoon, the pattern of two large eddies is less pronounced, and a significant current is

observed.

Following the work of Cobb and Blain (2002), we compared different simulations along

the transect 1-2 (shown in Figure 2.3.1(b)). In the first validation at the 48-hour timestep, we

qualitatively analyze the pattern of SWH from two configurations (Figure 2.3.4(a)). The W-

0 configuration well describe the shoaling of waves entering the inlet and lagoon. The SWH

exhibits a gradual increase to a maximum of approximately 1.1 m at 20 km from the southern

boundary, followed by a reduction to 0.6 m at 30 km. The pattern observed in the coupled

experiment W-C alignes with W-0 up to about 16 km, where the waves begin to be influenced

by the currents flowing outward from the lagoon. This interaction causes refraction, resulting in

steeper and higher waves that exceed 1.3 m around 18 km. As result, the waves begin to break

earlier and more intensely, leading to a rapid drop of SWH to 0.6 m at 28 km.
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Figure 2.3.3. Wave-forced coastal inlet at steady condition: significant wave height for the wave-only simulation (a) and for

the two-way wave-currents coupled simulation (b); currents for the wave-to-current forced simulation (c) and for the two-way

wave-currents coupled simulation (d).

Figure 2.3.4(b) effectively illustrates the coastal processes of wave setup and setdown, as well

as the complex interaction between currents and waves near the coast. In this plot, the water level

is at rest and theoretically should remain constant at 0 m. The impact of wave forcing, namely
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Figure 2.3.4. SWH (a) and water elevation (b) of the transects along section 1-2 as indicated in Figure 2.3.1(b). The figures

replicate the Cobb and Blain (2002) simulations: in (a) we compared W-0 and W-C simulations, while in (b) we compared

C-WF with W-C experiment.

the contribution of radiation stress to the circulation, is evident from the deviation of water

elevation from the rest condition. A setdown corresponds well with the wave shoaling indicated

by W-0 in plot (a), reaching approximately -5 mm at 20 km from the southern boundary and +5

mm with a steeper slope at 33 km in experiment C-WF.
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Wave setup and setdown are further amplified in the fully coupled configuration W-C, where

current-induced refraction and breaking result in a higher momentum flux to the water. This

configuration exhibits a negative peak of setdown at -2.5 cm and a positive peak of setup at +1

cm, consistently occurring at around 25 km.

The last analysis of wave-current interaction in an idealized testcase examines the differences

between the C-0 and W-C configurations within a tidally driven framework (Figure 2.3.5). Dur-

ing both flood (a) and ebb (b) phases, the smoother tidal profiles observed in C-0 are perturbed

by the wave fields interactions in the W-C simulation. The difference between the configura-

tions are slightly larger during the flood phase, around 1.5 cm, and less than 1 cm during the

ebb phase of setdown. Both phases indicate a wave setup occurring beyond 22 km.

Figure 2.3.5. Magnification (at 17-23 km) of the water level along the transect 1-2 shown in Figure 2.3.1(b) for configuration

C-0 and W-C in a tidally-driven framework at the ebb (a) and flood (b) phase.

In all the qualitative validations (Figure 2.3.3, Figure 2.3.4, and Figure 2.3.5), the coupled

framework presented in this work produces sea-level responses whose magnitude and spatial
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structure are physically consistent with large-scale, rotation-dominated coastal dynamics. Al-

though the simulated water-surface gradients are small in absolute terms, such gradients are

sufficient to balance Coriolis effects and to contribute to large scale, rotation dominated flows

with velocities of order O(10−1)m s−1, which are significant at shelf and basin scales. The con-

sistency of these magnitudes and patterns with previous numerical and theoretical studies (Cobb

and Blain, 2002; Wu et al., 2011; Xia et al., 2020) supports the robustness of the coupled model

formulation and motivates its application to real-case events, where the cumulative impact of

such gradients over large spatial scales is expected to become dynamically important.

2.4 Wave-circulation fields during Medicane Ianos

Medicane Ianos, is one of the most intense Mediterranean storms since the onset of satellite

observation (Von Schuckmann et al. (2022)). It is notable for its duration and severity, result-

ing in significant rainfall, flooding, damage, and fatalities (Zekkos et al. (2020)). It originated

off the Libyan coast near the Gulf of Sidra on September 14th, 2020, and moved toward the

Ionian Sea and Greece between September 17th and 20th. The storm intensified as it moved

northward and eastward, reaching peak strength on September 16th and passing through cen-

tral Greece, particularly impacting the regions around Karditsa and Farsala. Ianos eventually

weakened as it shifted southeast towards Crete. With wind speeds reaching 110 km/h, the storm

caused widespread flooding and destruction, leading to four fatalities in Greece and substantial

damage, including the flooding of approximately 5000 properties in Karditsa alone (a slew of

weather events – including two named storms troubling Europe – pose challenges far and wide;

Yale Climate Connections, 2024).
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2.4.1 Set-up of the model

The numerical domain, shown in Figure 2.4.1, encompasses the entire central South Mediter-

ranean Sea, with three open lateral boundaries: in the Otranto Channel to the North, the Sicily

Strait to the West, and the Ionian Sea (between Greece and Libya) to the East. The domain is

discretized with an unstructured grid, featuring a horizontal resolution of approximately 2 km

offshore, 1 km along the coasts, and 50 m in the area where Medicane Ianos made landfall in

Greece, including the islands of Zakynthos and Kefalonia.

The circulations and wave models are forced with atmospheric fields from ECMWF analysis

data (10 km resolution and 6h frequency). The surface fields are corrected along the coastal

boundaries following the sea-over-land procedure described in Kara et al. (2008). The atmo-

spheric variables used for the circulation include 2 m air temperature, 2 m dew point tempera-

ture, total cloud cover, mean sea level atmospheric pressure, and total precipitation. Meridional

and zonal 10 m wind components are used for both wave and circulation models. The mod-

elling approach is based on the downscaling of Copernicus Marine Service (CMEMS) products

released at the Mediterranean Sea regional scale. The circulation model is three-dimensionally

nested into MEDSEA_MULTIYEAR_PHY product (Table 2.4.1) both in terms of initialization

and open boundaries. The scalar fields (sea level, temperature, and salinity) are treated through

a clamped boundary condition, while the velocity fields are imposed as nudged boundary con-

dition using a relaxation time of 3600 s.

The wave model is initialized using a parametric fetch-limited spectrum based on the initial

wind field and is forced at the lateral open boundaries by the MEDSEA_MULTIYEAR_WAV

product (Table 2.4.1). Mean wave parameters, such as significant wave height, mean wave di-

rection and peak period, are used to reconstruct the wave spectra, following the approximation

described by YAMAGUCHI (1984). The model outputs are saved at 1-hour frequency.
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Figure 2.4.1. Spatial unstructured-grid and bathymetry for the Ionian Sea (b) used for the Ianos Medicane simulation, with an

enlarged view on refined areas of affected area (a).
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Table 2.4.1. Datasets used in this study.

Datasets Provider Usage Website

MEDSEA_MULTIYEAR_PHY Copernicus Marine Circulation model https://doi.org/10.25423/CMCC/MEDSEA_

(Escudier et al. (2020)) Service lateral boundary MULTIYEAR_PHY_006_004_E3R1

MEDSEA_MULTIYEAR_WAV Copernicus Marine Wave model lateral https://doi.org/10.25423/CMCC/MEDSEA_

(Korres et al. (2023b)) Service boundary MULTIYEAR_WAV_006_012_CLIM

SST_MED_SST_L4_REP_OBSERVATIONS Copernicus Marine SST anomaly https://doi.org/10.48670/moi-00173

(Pisano et al. (2016); Embury et al. (2024)) Service evaluation

WAVE_GLO_PHY_SWH_L3_NRT Copernicus Marine Wave validation https://doi.org/10.48670/moi-00179

(WAVE_GLO_PHY_SWH_L3_NRT_014_001, Service

2025)

Katakolon tide gauge Permanent Service Sea level validation https://psmsl.org/data/obtaining/stations/1240.php

(Holgate et al. (2013)) for Mean Sea Level

EMODnet bathymetry 2020 EMODnet Model bathymetry https://doi.org/10.12770/bb6a87dd-e579-4036-

(EMODnet Bathymetry (2020)) abe1-e649cea9881a

IFS010 ECMWF Atmospheric https://www.ecmwf.int/en/forecasts/

(Bidlot and Janssen (2024)) forcings documentation-and-support/changes-ecmwf-model

2.4.2 Synoptic overview and results

The Medicane Ianos reached its maximum intensity at 18:00 on September 16th, 2020, as it

entered the Ionian Sea (Figure 2.4.2). The coupled modelling framework provides a compre-

hensive analysis of the event, revealing the storm’s extensive impact on the wave field across the

central Mediterranean Sea. The affected area spans over 5°x 5°, with significant wave heights

averaging over 3 m and reaching up to 6 m in the eyewall region (Figure 2.4.2(a)). The Med-

icane’s influence on sea level is clear, as a pronounced positive sea level anomaly exceeding

+20 cm is observed, particularly within the storm’s core (Figure 2.4.2(b)). This anomaly stands

out against the low-tide conditions, providing a distinct footprint of the storm. Although sea

surface temperature do not exhibit a consistent pattern at the storm’s peak, cooler waters are

noticeable in the southeastern region of Sicily (Figure 2.4.2(c)). Additionally, the sea surface

currents display a well-defined pattern, with velocities exceeding 1 m/s along the eyewall and a

divergent flow branching northeastward and southeastward (Figure 2.4.2(d)).
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Figure 2.4.2. Maps of significant wave height (a), sea level (b), sea surface temperature (c) and surface circulation (d) on 2020-

09-16 18:00 UTC (peak time in open ocean) for the entire domain from two-way coupled simulation.

At 06:00 on the 18th of November, the Medicane made landfall in Greece, impacting the

islands of Zakynthos and Kefalonia, as well as the Gulf of Patras (Figure 2.4.3). The SWH

simulated during this event, as shown in Figure 2.4.3(a), is notably high for this region of the

Mediterranean, reaching up to 4.5 m along the western coastlines of the islands. The cyclonic

circulation associated with the Medicane intensifies the waves on the northern part of the Gulf

of Patras, which is particularly affected due to the nearly perpendicular wave direction. Fur-

thermore, the confluence of currents from the north and south of Zakynthos (Figure 2.4.3(b))

resultes in current speeds reaching up to 1.2 m/s in this convergence zone. The combined action
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of enhanced wave forcing, and strong currents produces a storm-surge contribution exceeding

30 cm in the northern part of the Gulf of Patras (Figure 2.4.3(c)). Although moderate in absolute

terms, this surge magnitude represents a substantial fraction of the total water-level variability

typically observed during Mediterranean extreme events and is consistent with reported impacts

during Medicane Ianos, including extensive flooding over low-lying coastal areas and seawater

run-up extending up to 200 m inland (Androulidakis et al., 2023).

In the following sections, we investigate the effect of the coupling on the simulation of the

Medicane.

2.4.2.1 Effects of circulation on waves

The validation of the wave model results and the difference between the W-C and W-0 configu-

rations are shown in this paragraph using two approaches. In Figure 2.4.4 we compare the sim-

ulations with the satellite altimeter tracks (WAVE_GLO_ PHY_SWH_L3_NRT, Table 2.4.1)

which crossed the Medicane. In details, three altimetric measurements from Jason-3, SARAL-

Altika and Sentinel-3B are available on the 17th September, and the SWH results from the

W-C configuration are overlapped with the satellites measurement and shown in Figure 2.4.4

(a),(b),(c) respectively. The model simulates the extreme event with a very high quality, and the

patterns of the modeled wave field match with good agreement the satellite data. For Jason-3

and Sentinel-3B the measured SWH reaches 5 m, while for SARAL-Altika, the SWH is slightly

lower because the track is slightly eastward to the Medicane. Figure 2.4.4 panels (d), (e), and

(f) illustrate the along-track validation for both the W-C and W-0 configurations. This analysis

is based on the nearest point between observation and model in both space and time dimen-

sions. The difference between the two configurations can be a few tens of centimeters in some

cases, while in others, the time series overlap. However, the W-C configuration demonstrates

a reduction of approximately 3-4% for the Root Mean Squared Error (RMSE) for Jason-3 (d)

and Sentinel-3B (f) tracks. It is worth mentioning that, although this analysis shows better peak
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Figure 2.4.3. Maps of significant wave height (a), surface circulation (b) and sea level (c) on 2020-09-18 06:00 UTC (peak

time in coastal zones of Greece) for the Greek coastal areas from two-way coupled simulation (W-C).

predictions for the W-0 configuration, the W-C configuration more closely matches the obser-

vations overall, both during growth and decay phases. A potential motivation for the reduction

of SWH at peaks in the coupled experiment is due to the alignment of currents and wind, which

reduces wind stress. This is attributed to the fact that the absolute wind speed used to force the

wave model is modified into relative wind by the presence of currents.
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Figure 2.4.4. Maps of SWH against satellite altimeter (Jason3, Saral-Altika, Sentinel-3b) tracks (inset circles) for the W-C

configuration (a) (b) (c). SWH along-track comparison between the two model configurations and satellite tracks is reported in

(e), (f) and (g).

For a more robust assessment of the wave model, we analyze the time window including

the days the Medicane Ianos persisted over the central Mediterranean Sea, from September

15th to 19th (Figure 2.4.4). From this investigation, the model exhibits a very high accuracy

in representing the extreme event, with a correlation coefficient of 0.95, a negative bias of ap-

proximately 20 cm, and a RMSE of 33 cm. The W-C / W-0 comparison shows a reduction in

bias of around 6% and a decrease in error of approximately 3% in the coupled configuration,

confirming the previous findings of Causio et al. (2021). In this study, we do not present through

attribution simulations the explicit quantification of contribution of the air-stability parameter

and currents. This decision is based on our prior investigations, which have already demon-

strated its effectiveness and role (Causio et al. (2021); Clementi et al. (2017)).



2.4 WAVE-CIRCULATION FIELDS DURING MEDICANE IANOS 56

Figure 2.4.5. (a) SWH scatter plot for the W-C configuration is shown, with colors indicating the plot density of occurrence.

The black line represents the best-fit line, while the red line denotes the linear regression of the data. (b) Statistics (Root Mean

Squared Error – RMSE, Bias, Scatter Index – SI, Pearson’s correlation coefficient – ρ, and the slope of the fit) are summarized

and expressed in meters, providing comparisons for the W-C and W-0 configurations as well as the percentage difference

between them.

2.4.2.2 Effects of waves on circulation

In Figure 2.4.6 we illustrate the drag coefficient (Cd) from the W-C (Figure 2.4.6(a)) and C-

0 (Figure 2.4.6(b)) configurations at the peak of the event (16th September 2020 at 18:00) and
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their differences (Figure 2.4.6(c)). The Cd from the uncoupled simulation, which is derived from

the Hellerman and Rosenstein (1983) formulation, exhibits a more homogeneous field and over-

all higher values with respect to the coupled system, except in the area of the Ianos passage at

the peak time, where the coupled simulation is able to provide larger Cd values. Significant dif-

ferences between the sea-state dependent drag (W-0) and the Hellerman and Rosenstein (1983)

formulation (used in C-0) occur in regions farther from the Medicane (see Figure 2.4.2(a)),

particularly in the Northern Ionian Sea, the eastern part of the study domain, and the Gulf of

Gabes. Additionally, the wider range for Cd allows to reach higher values; the C-0 configuration

never exceedes the value of 2.5× 10−3, while the W-C configuration goes beyond 3.5× 10−3.

In both configurations, the pattern of extreme drag is asymmetric, with the southern part of the

Medicane experiencing the highest values.

The passage of a strong cyclone over a water body induces surface cooling due to both up-

welling and increased evaporation (Price (1981)). In Figure 2.4.7, we present the Sea Surface

Temperature (SST) footprint induced by Ianos’ passage over the central Mediterranean Sea,

following the approach of Clementi et al. (2022). The footprint results from the comparison of

the SST of the day after the Medicane hit Greece (19th September) with the SST of the day

before Ianos’ formation (14th September). The footprint is computed for L4 gridded satellite

observations (Table 2.4.1) (Figure 2.4.7(a)), W-C configuration (Figure 2.4.7(b)), and C-0 con-

figuration (not showed). Additionally, the difference between the footprints of W-C and C-0 is

shown in Figure 2.4.7(c). Specifically, for the satellite data, the foundation temperature is used,

which approximately corresponds to the sea temperature during the night-time at a depth of

around 2-5 m. For this reason, in this analysis we used the model temperature at midnight at a

depth of 3 m.

The SST footprint from satellite shows a general cooling of the central Mediterranean Sea,

with the exception of the southern coasts, and two distinct areas of larger significant cooling.

The southern Ionian Sea, where the Medicane experiences its highest intensity, shows the largest
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Figure 2.4.6. Maps of drag coefficient (Cd) at the peak event in open ocean (2020-09-16 18:00). (a) Drag coefficient computed

by WW3 in the W-C experiment. (b) Drag coefficient computed via Hellerman and Rosenstein (1983) in the C-O experiment.

(c) Difference between (a) and (b).

cooling, dropping the temperature down by –5°C. Here the footprint follows the Medicane

track with a northeast orientation. A qualitative comparison between the satellite data and the

W-C and C-0 configurations illustrate that both configurations exhibit adequate patterns but
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Figure 2.4.7. Sea surface temperature anomaly [°C] between 19th Sept. (after Ianos) and 14th Sept. (before Ianos) from satellite

(a ), two-way coupled model W-C (b), and SST difference between the anomaly of W-C and C-0 (c). The black path represents

the Medicane Ianos path identified as minimum sea level pressure location every 6 hours. In panels (a) and (b) the colorbar

range is set to [-4, 4 °C] to better highlight the footprints pattern, even though the difference reached -5 °C.

show a stronger impact on SST compared to the observations. However, the W-C configuration

demonstrates slightly warmer behavior (Figure 2.4.7(c)), and the footprint’s width is narrower

than in C-0, more closely matching the pattern observed in satellite data. These differences can

be attributed to the sea-state dependent drag coefficient which modifies the circulation in the

area. Furthermore, Figure 2.4.7 shows the path of the medicane as it passed through the Ionian

Sea (from Libya at point 1 to Greece at point 17), highlighting the location of the sea level

pressure minimum every 6 hours.

Consequently, we analyzes the vertical profile of model temperature along the Medicane track

(Figure 2.4.8) for both the W-C and C-0 configurations. In this assessment we compute, as in

Figure 2.4.7, the temperature anomaly between 19th and 14th September, and then, the differ-

ence between W-C and C-0. The range of temperature anomaly spans from approximately -0.6

to 0.6 °C. Notably, the largest difference between the two configurations occurs in the Ionian

Sea, particularly from point 10 onward. Throughout the track, the W-C configuration is warmer

in the mixed layer, being the latter generally slightly shallower in the coupled simulation, with

a few exceptions at points 3 and 14 where the uncoupled configuration exhibits a slightly thin-
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ner mixed layer. As Medicane Ianos moves towards Greece, the plot indicates that the W-C

configuration footprint is even warmer in the mixed layer than C-0, and even colder below the

pycnocline, suggesting a strengthening of the stratification in W-C. Point 13 and 14 are peculiar

because they show warmer W-C even below the mixed layer up to 60 m. This difference can

be attributed to the less intense upwelling observed in the W-C configuration, which results in

smaller cold wedges (located at points 10-12 and 13-15 in Figure 2.4.7) compared to those in

the C-0 configuration.

Figure 2.4.8. Anomaly Temperature difference between W-C and C-0 for the Medicane Ianos passage over the central Mediter-

ranean Sea. Black lines refer to the mixed layer depth for W-C (solid line), and C-0 (dashed line). The x-axis corresponds to

the locations shown in Figure 2.4.7(a).

These results indicate that the impact of coupling on the vertical thermal structure is largely

confined to the upper mixed layer, approximately 50 m, along the offshore portion of the Med-

icane track. In contrast, at coastal track locations, coupling-induced temperature anomalies lo-

cally penetrate deeper, reaching depths of approximately 100 m, as evidenced at points 1 and

17 in Figure 2.4.8. The deeper penetration observed near the coast reflects localized dynam-

ics rather than a basin-wide response. One of the main contributions of the coupled modelling
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framework is the improved representation of coastal total water level extremes through the in-

clusion of wave-induced radiation stresses, which generate wave setup and modify nearshore

circulation during storm conditions. Sensitivity tests with Cd + radiation stress and radiation

stress only showed differences below 1%, while the Cd-only case closely matched the W-0

simulation (results not shown).

Medicane Ianos was chosen for this study because it made landfall close to the Katakolon

tide gauge, which provides a suitable reference for comparison between the sea level observa-

tions and the W-C and C-O configurations (Figure 2.4.9). The C-0 configuration demonstrates

good accuracy in predicting sea level at the tide gauge location; however, the W-C configuration

represents more accurately the storm surge induced by the Medicane (the event is highlighted in

yellow in Figure 2.4.9(a)). Both configurations show nearly identical performance under normal

conditions (before and after the event). The maximum difference between the two configura-

tions is 4 cm, allowing the W-C configuration to simulate more precisely the two peaks of the

storm surge. Notably, the inclusion of wave effects lead to a more rapid drop in surge after the

storm passage, improving also the fit for the first tide trough after the storm (the third tide trough

within the yellow area in Figure 2.4.9(a)). It is worth mentioning that the wave contribution to

the Ianos storm surge is approximately 10% at the peak of the event, although this value can be

significantly higher in other situations. To illustrate this, Figure 2.4.9(a) bottom panel shows the

same time series comparison for a location few km far from the tide gauge, along the nearby

beach of Kourouta. The plot reveals that the waves provide a larger contribution in this location,

resulting in a surge about 11 cm higher than the one showed in C-0, accounting for roughly 30%

of the total contribution. The difference between the timeseries, as shown in Figure 2.4.9(c), can

be attributed to the wave field direction, which makes the tide gauge partially sheltered, while

the beach faces more orthogonal waves. The significance of wave direction is further empha-

sized along the northern shoreline, where the wave setup is even more intense due to the waves

being nearly orthogonal to the coast.
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Figure 2.4.9. Timeseries of TWL for C-0 and W-C configurations. In plot (a) upper panel, the model are compared with

observed data at Katakolon tide gauge -TG (in dashed gray). In the plot (b) bottom panel, the model configurations are compared

at the Kourouta beach. The shaded yellow area highlights the two days impacted by the Medicane induced surge. Plot (b)

highlights the wave setup (in red) and setdown (in blue), computed as the TWL difference between C-0 and W-C. Additionally,

it shows the location of the timeseries (in plot a), as well as the mean wave direction represented by vectors.

Notably, the wave contribution to the storm surge during the Medicane Ianos is comparable

in percentage to findings of Dietrich et al. (2011) for Katrina and Rita hurricanes in the Gulf of

Mexico, and Kim et al. (2010) during Typhon Anita in South China Sea.
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2.4.2.3 Computational performance and parallel reproducibility

We provide additional details on the coupling procedure performance. The coupled system is

more computationally demanding than the individual models, with the computational time of

the coupled system approximately 30% longer than that of the standalone wave model. We em-

phasize the wave model because it represents the primary bottleneck between the two models.

While this increase in computational time was not a major concern in our study or in operational

use, refactoring the system to improve performance could be beneficial for long hindcast appli-

cations. Regarding CPU-coherency, we conducted a twin simulations using 144 and 216 cores

and compared the results. The average difference for all the output variables over the 7-day

simulation is as in the next table:

Table 2.4.2. Summary of the average differences in the investigated variables after a 7-day simulation using 144 and 216 cores.

Temperature Salinity Water Level u velocity v velocity SWH

Difference

144-216 cores -3.45e-06 -9.81e-06 6.02e-06 7.28e-06 -1.09e-06 -1.35e-07

after 7 days

The Figure 2.4.10 illustrates the time evolution of the difference in selected variables (not

all, to maintain clarity) between the two simulations. The discrepancies stabilize around 10−6

- 10−5 after two days of simulation. For this type of application, these results are satisfactory,

especially considering that SHYFEM-MPI was not compiled with the bit-wise reproducibility

option and that the error remains within the limits of single-precision floating-point operations.
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Figure 2.4.10. Error evolution over a 7-day simulation for u and v components and SWH, using 144 and 216 cores.

2.5 Discussion

Our primary goal is the evaluation of storm surge dynamics, nevertheless, together with ra-

diation stress, we incorporated also additional coupled physical processes, such as sea-state-

dependent wind stress, doppler shift, sea-level-dependent water depth for wave physics, and the

inclusion of effective wind based on air stability parameters.

The real-case simulation and comparison of coupled versus uncoupled configurations high-

light the added value of incorporating the wave component in storm surge simulations, par-

ticularly for coastal applications. Notably, during Medicane Ianos, wave setup contributes to

approximately 10% of the sea level variation at the Katakolon tide gauge, with a significantly

greater impact, around 30% in nearshore areas. The inclusion of sea-state-dependent drag coef-

ficient introduces a larger dynamics to the simulations, with a lower drag in areas distant from

the storm and increases drag near the eyewall of the Medicane.

Our findings indicate that the coupling effects are more pronounced in the northern part of the

Medicane’s path, where the storm intensity is largest. The coupling leads to a slightly thinner

and warmer mixed layer and, in some locations, affects the water column up to 100 m, likely

due to reduced upwelling of deeper waters. The impact of circulation on wave dynamics is
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appreciable, as coupling reduces bias by approximately 6% and overall error by around 3% in

the wave model.

The numerical framework developed in this study proves to be an effective tool for sim-

ulating both large-scale and coastal processes, with a particular strength in describing storm

surge dynamics. This system holds significant potential for enhancing coastal hazard identifi-

cation, early warning systems, and the management and planning of sea and coastal activities.

The encouraging results from this work lay the foundation for further development, including

the integration of additional processes such as Stokes drift, sea-state-dependent vertical mixing,

and bottom stress (their importance has been shown in several studies as in Breivik et al. (2015);

Alari et al. (2016); Staneva et al. (2017); Couvelard et al. (2020)), which are currently neglected

or parameterized in this version of the circulation model.
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Chapter 3

Modelling vegetation-induced wave

attenuation

Building on the core coupled framework introduced in Section 2, Figure 2.0.1, we extend WW3

to include a vegetation-induced bottom dissipation that represents benthic boundary layer pro-

cesses, explicitly accounting for plant flexibility and seasonal canopy dynamics (Figure 3.0.1).

The following section is dedicated to the recent publication of Shirinov et al. (2025) in the

journal of Natural Hazards and Earth System Sciences. It investigates wave attenuation induced

by the nonlinear interactions between wave dynamics and aquatic vegetation along the Civi-

tavecchia coastal zone (north-eastern Tyrrhenian Sea, Italy). Particularly, the study focuses on

the seagrass species Posidonia oceanica, which is endemic to the Mediterranean Sea and forms

extensive meadows that play a crucial role in coastal protection. Their presence helps mitigate

wave activity, resulting in the dissipation of wave energy through mechanical work on stems,

determined by vegetation traits such as shoot density, canopy height, stiffness, and bending, as

well as wave characteristics. The study employs a digital twin approach that enhances model

fidelity by coupling numerical simulations with long-term in situ measurements. The results

quantify how seasonal variability of the meadows modulates wave damping capacity.
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Figure 3.0.1. The benthic boundary layer represented through wave-vegetation interaction mechanisms forming a part of the

multi-model framework (Figure 1.3.1). The vegetation-induced drag is provided through advancing the rigid formulation onto

(i) flexible one, introducing blade bending mechanisms, and further (ii) seasonal, with intra-annual variability of the canopy

height. The latter is informed by in situ observations.

3.1 Concepts of wave-canopy dynamics and objectives

It is widely acknowledged that vegetation meadows help mitigate wave activity. This phe-

nomenon is observed across various marine habitats, including seagrass beds (Infantes et al.

(2012), Paul et al. (2012), Sánchez-González et al. (2011)) wetlands (Zhang et al. (2020)), and

seaweed communities (Dubi and Tørum (1994), Løvås and Tørum (2001)). Wave-vegetation

interactions result in the dissipation of wave energy through mechanical work on stems, de-

termined by vegetation traits such as shoot density, canopy height, stiffness, and bending, as

well as wave characteristics. The process known as wave damping, as described by Dalrymple

et al. (1984), effectively reduces wave height. Consequently, the reduction in wave height leads

to a localized drop in sea surface elevation in the lee of the vegetation patch as demonstrated
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by Beudin et al. (2017). Additionally, the mean wavelength increases over the seagrass canopy

rather due to the attenuation of shorter waves from the spectrum. This effect, combined with the

reduction in wave height, leads to a decrease in wave steepness.

3.1.1 First experimental and numerical models

Numerous numerical studies have investigated wave attenuation by submerged coastal vege-

tation, with early models frequently simplifying flexible plants as rigid cylinders with vary-

ing drag coefficients. Mendez and Losada (2004) formulated an empirical model incorporating

wave damping and breaking across vegetation fields of various depths. Suzuki and Dijkstra

(2007) employed a volume of fluid (VOF) model to simulate wave attenuation over different

beds and vegetation fields, underlining the necessity for further validation concerning the in-

tricate interplay between storm waves and seagrass-induced wave attenuation. Recently, Pillai

et al. (2022b) evaluated the role of seagrass as a nature-based solution (NBS) by incorporat-

ing the wave damping sink term induced by vegetation into the wave action density spectrum

equation within the WW3 wind wave model, following the approach of Beudin et al. (2017).

This development was tested in a coastal region of the Northern Adriatic Sea, where the study

identified limitations associated with modelling seagrass as rigid stems, resulting in excessive

wave damping. The authors hypothesized that accounting for plant flexibility would yield more

realistic outcomes, and a reduced damping capacity compared to rigid formulation. Similarly,

Abdolali et al. (2022), through the implementation of the vegetation term in WW3, concluded

that excluding the vegetation sink term in marsh environments leads to significant discrepan-

cies between model outputs and observations. Jacob et al. (2023) reached analogous conclu-

sions regarding the application of the SCHISM-WWM modelling framework in conjunction

with a rigid vegetation module for the coastal waters of the German Wadden Sea. Luhar and

Nepf (2016) sought to develop a physics-based model to predict wave decay in a submerged

meadow, accounting for the adaptive responses of flexible plants to wave orbital excursion.
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3.1.2 Flexible formulation and seasonal variability

To investigate how flexibility can enhance model performance and, consequently, increase the

model’s ability to replicate the behavior of seagrass meadows in wave attenuation, specific in

situ measurements within submerged vegetation are essential. The lack of detailed observa-

tional data on vegetation characteristics, such as morphology and mechanical properties, poses

a challenge (Luhar and Nepf (2016)). Instead, existing models often rely on generalized litera-

ture data, which may not fully capture the nuances of different plant species. Moreover, these

models tend to overlook seasonal variations in vegetation properties, despite growing evidence

of their importance in coastal processes (Jacob et al. (2023)). So far, wave attenuation by sea-

grass canopies has been primarily measured during experiments in flumes using canopy mimics

(Sánchez-González et al. (2011); Manca et al. (2012); Stratigaki et al. (2011); Lei and Nepf

(2019); Vettori et al. (2024)). Limited field measurements have been conducted in meadows

due to challenges in deploying and maintaining instruments and platforms in underwater en-

vironments that can withstand intense weather events (Fonseca and Cahalan (1992); Bradley

and Houser (2009); Infantes et al. (2012)). A recent study by Contti Neto et al. (2025), using

extensive high-resolution flow measurements, concluded that accounting for flow-induced de-

flection of seagrass blades, which alters effective canopy height, significantly improves wave

dissipation predictions.

In this study, we combine numerical simulations with observational data to emphasize the

need for continuous monitoring and the effective integration of empirical measurements into

numerical models. This holistic approach not only enhances the precision of the simulations but

also represents a pivotal aspect of the coastal digital twin methodologies, necessitating interac-

tion between real-world data and numerical models (Jeong and Lee (2023)). Ultimately, such

synergy seeks to facilitate informed decision-making in dynamic marine environments, support-

ing forecasts of environmental extremes to aid in risk assessment and management, while also

advancing our understanding of the resilience of NBS systems.
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The seagrass species considered in this work is Posidonia oceanica (P. oceanica) that stands

out as the most common seagrass species in the Mediterranean Sea, typically found in shallow

sub-tidal waters up to a depth of 50 meters under clear conditions (Borum et al. (2004)). Sub-

merged plants increase bottom roughness, reducing near-bed velocities and altering sediment

transport (Madsen et al. (2001)), while also enhancing wave attenuation (Mendez and Losada

(2004)). On a long timescale the numerical simulations of waves over marine seagrasses have

so far been conducted using vegetation parameters that remain constant in space and time (Pillai

et al. (2022b)). Given that P. oceanica meadows along the coastal areas exhibit varying charac-

teristics depending on the type of substrate they inhabit (e.g. rock, sand, and degraded matte),

it is necessary to consider the spatial and temporal variability of vegetation parameters (shoot

density and leaf length) to accurately estimate the wave damping effect. P. oceanica meadows

grow on an inter-annual scale by branching rhizomes horizontally to colonize vacant substrates

when environmental conditions are favorable, and vertically to prevent siltation. On a seasonal

(intra-annual) scale, above-ground biomass production occurs through leaf growth, reaching

maximum length in summer and minimum in winter. Over the years, many models of varying

complexity have attempted to reproduce the growth of marine seagrasses by developing growth

curves for leaves during different seasonal periods (Ott (1980)), utilizing the concept of archi-

tecture in terrestrial plants for rhizome branching (Molenaar et al. (2000)), using temperature

to stimulate only above-ground biomass growth (Zupo et al. (1997)), or considering growth in

other plant compartments (leaves, rhizomes, and epiphytes) by incorporating light and nutrient

availability (Elkalay et al. (2003)). In this context, RENOVATE project (Marcelli et al. (2023)),

adopts an ecosystem-based approach to compensate for and mitigate anthropogenic impacts in

the Sites of Community Importance (SCI) near Civitavecchia port in the northeastern Tyrrhe-

nian Sea. Using a model-based approach, it focuses on restoring ecosystem services provided

by marine benthic habitats, such as P. oceanica and coralligenous substrates, to enhance coastal

resilience against extreme wave events. It should be emphasized, however, that this resilience
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enhancement is understood to apply primarily to moderate storm conditions and chronic erosion

processes, rather than to extreme cyclonic or hurricane-equivalent events, under which seagrass

meadows themselves face substantial risk of mechanical failure and eradication. The lack of

specific management plans for SCIs, such as ecofriendly buoys to prevent anchoring of recre-

ational boats on P. oceanica meadows, anti-trawling barriers to deter fishing boats from using

nets within SCIs, and an early warning system for dredging and accidental hydrocarbon spills,

renders P. oceanica vulnerable to various anthropogenic stressors present in the area. Urban and

industrial discharges from aquaculture and power plants, the presence of an oil platform, trawl-

ing activities, and harbour activities connected to Civitavecchia port have significantly impacted

the health of the meadows.

3.1.3 The present study approach

This research employs a numerical modelling framework to quantify the wave-attenuation ef-

fects of flexibility and seasonal dynamics of P. oceanica under typical and moderate wave con-

ditions, with the aim of enhancing the accuracy of coastal zone simulations and understanding

the role of vegetation in modulating nearshore hydrodynamics. Through targeted data collec-

tion, we enrich our modelling framework with: (i) a detailed characterization of the phenotypic

traits based on substrate types in which the seagrass thrives, and (ii) incorporation of seasonal

variability in canopy height, by estimating and imposing annual growth and fall of P. oceanica

leaves. We attempt to validate a numerical model’s response using high-resolution local vege-

tation data, addressing the need to incorporate temporal variability in seagrass biomechanics.

As shown by Vettori et al. (2021), seasonal changes and nutrient availability over the year in-

fluence blade size, rigidity, and buoyancy, affecting seagrass interactions with hydrodynamic

forces. Integrating this information into wave model could enhance the accuracy of simulations

in wave-dominated environments, although such data are frequently limited or lacking.
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The remainder of this study is structured as follows. Section 3.2 outlines the modelling frame-

work and its implementation, followed by the model validation using a case study from Cala

Millor. The symbols and their corresponding units of measurement used in this study are pro-

vided in Table 3.2.1. Section 3.4 presents a case study in the Civitavecchia coastal strip, where

advancements in modelling plant flexibility and seasonal effects are tested throughout the sea-

sonal cycle using a high-resolution domain of up to 20 meters over the vegetated canopies. The

main results of these advancements are then presented in Section 3.5, including the wave model

performance analysis using wave buoy data and the investigation of wave attenuation induced

by seagrass meadows over the SCIs. The key findings 3.6 are then reported in the final section

of the chapter. Further possible improvements and limitations of the model are also discussed.

3.2 Modelling framework

The core model utilized in this study is WW3 (WW3DG, 2019) model, which solves the action

density balance equation for the direction and wave number spectrum (Eq. 3.2.1).

∂N

∂t
+∇x · ẋN +

∂

∂k
k̇N +

∂

∂θ
θ̇N =

S

σ
(3.2.1)

The wave action is a function of the energy spectrum, F (k,θ, t,x), and intrinsic frequency,

σ. x is a two-dimensional space, either in Cartesian, or spherical coordinates, over which the

wave action is advected at group velocity relative to the mean current, ẋ= cg+U , with the rate

of change in spectral space, k̇ and θ̇.

WW3 has been used worldwide from global (Sharmar et al. (2021); Mentaschi et al. (2020))

to regional (Causio et al. (2021); Causio et al. (2024)) and coastal applications in both stan-

dalone, as in the present work, and coupled modes (Clementi et al. (2017); Causio et al. (2025)).

The modified version of WW3 implemented by Pillai et al. (2022b), who incorporated the dissi-

pation source term due to rigid vegetation, served as the foundation for the further advancements



3.2 MODELLING FRAMEWORK 73

Table 3.2.1. List of symbols used in Section 3 and their corresponding units of measurement.

Symbol Description Units of measure
g Gravitional acceleration LT−2

Ub Near-bed wave orbital velocity LT−1

Hs Significant wave height L

C̃D Drag coefficient -
h Water depth L

lv Leaf length L

le Effective leaf length L

bv Stem width L

Nv Vegetation (shoot) density L−2

tv Vegetation thickness L

ρv Tissue density ML−3

ρ Water density ML−3

k̃ Average wavenumber L−1

k Wavenumber L−1

λ Wavelength L

σ̃ Average wave frequency T−1

σ Wave frequency T−1

θ Wave direction -
Tpeak Peak wave period T

cg Group velocity LT−1

U Ambient current LT−1

ẋ Combined advection velocity LT−1

∇ Differential operator in 2-d space L−1

θ̇ Propagation velocity in spectral wave direction space T−1

k̇ Propagation velocity in spectral wavenumber space L−1T−1

Sbot Dissipation term due to bottom friction L3T−2

Sds,veg Dissipation term due to vegetation L3T−2

N Action density L2T−1

Etot Total energy L2

E(σ,θ) Spectral energy density L2

E Elastic modulus ML−1T−2

Γ Empirical constant L2T−3

n Ratio of phase velocity to group velocity -
I Second moment of area L4

B Buoyancy parameter -
Ca Cauchy number -
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in this work. To better model the intricate dynamics of the coastal region at finer resolutions and

complex geometry, an unstructured grid configuration was employed.

The vegetation term is incorporated into the model by augmenting the bottom dissipation

source term, Sbot, given by a simple empirical linear JONSWAP parametrization (Hasselmann

et al. (1973)), as defined in Eq. 3.2.2.

Sbot(k,θ) = 2Γ
n− 0.5

gh
N(k,θ)+Sds,veg (3.2.2)

The simplest approach to account for vegetation wave damping effect in a wave model is the

equation proposed by Dalrymple et al. (1984) and Mendez and Losada (2004) and adapted in a

spectral form by Suzuki et al. (2012) (Eq. 3.2.3).

Sds,veg =−
√

2

π
g2C̃DbvNv

(
k̃

σ̃

)3
sinh3(k̃lv)+ 3sinh(k̃lv)

3k cosh3(k̃h)

√
EtotE(σ,θ) (3.2.3)

This formulation models vegetation as rigid leaves and has been utilized in a number of stud-

ies (Gupta et al. (2020), Pillai et al. (2022b), Abdolali et al. (2022), Jacob et al. (2023)). Several

alternative formulations have been proposed to address the overestimation of wave damping,

some of which incorporate the Reynolds number or Keulegan-Carpenter number, as recently

described by Abdolali et al. (2022), while others are based on plant bending. Our study adopts

the latter, specifically by implementing the formulation proposed by Luhar and Nepf (2011)

(Eq. 3.2.4) and further refined by Luhar and Nepf (2016) and Lei and Nepf (2019), in which

the effective leaf length, le, scales with the blade length to the wave excursion (Aw) ratio, L

(Eqs. 3.2.5, 3.2.6). In this approach, the effect of blade flexibility is incorporated into the source

term computation by replacing the actual leaf length, lv, with le. While the original formulation

was developed for unidirectional flow conditions, we formulate the Cauchy number, Ca, as a

function of the wave bottom orbital velocity, Ub, to account for the wave-induced oscillatory

flows. These modifications were proposed by Luhar and Nepf (2016) using the oscillatory ve-

locity scale as a function of the wave orbital excursion, and later adopted by Beth Schaefer and
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Nepf (2022) and Vettori et al. (2024).

le = lν −
1− 0.9Ca−1/3

1+Ca−3/2(8+B3/2)
lν (3.2.4)

le
lν

∼ Ca−1/3 for L≪ 1 (3.2.5)

le
lν

∼ (Ca ·L)−1/4 for L≫ 1 (3.2.6)

where B =
(ρ− ρν)gbνtνl

3
ν

EI
,

Ca= 0.5
ρCDbνU

2
b l

3
ν

EI
,

I =
bvt

3
v

12
,

L=
lv
Aw

3.3 Model validation

Table 3.3.1. Numerical model parameters used for Infantes et al. (2012) case study.

Bathymetry Derived from Infantes et al. (2012)

Plants P. oceanica

Leaf length lv 80 cm

Shoot density Nv 615 m−2

Elastic modulus E 0.47 GPa

Thickness tv 0.0003 m

Tissue density ρv 900 kg m−3

Leaf width bv 0.0092 m

Simulation period 2009/07/12 - 2009/07/20

Forcing Wave energy spectrum at the open boundary from Infantes et al. (2012). No winds.

Initial conditions At rest
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To validate the bottom vegetation effects described in Eqs. 3.2.3, we developed a model

validation case based on the study by Infantes et al. (2012). This study represents a crucial

benchmark as it involved a measurement campaign of wave heights over P. oceanica meadows

in the Balearic Islands. Additionally, they provided fundamental data on beach depth profiles,

P. oceanica parameters (i.e. shoot density, leave length, meadow extensions), and wave height

attenuation along a transect. Our validation methodology aimed to replicate the conditions de-

scribed in Infantes et al. (2012) within our numerical model implementation. The numerical

setup is summarized in Table 3.3.1.

The domain of Cala Millor (Figure 3.3.1) was reconstructed using an unstructured mesh with

a horizontal resolution of approximately 20 meters, extending 1.2 km radially from the shore

and 0.7 km along the coastline. The extent and coverage of the vegetation meadows were chosen

to reflect the real domain investigated in Infantes et al. (2012), preserving the locations of the

moorings, distances from the coast, and distances between moorings. The depth profile and

simulation time window were derived from the original work. To minimize uncertainty from

external forcing and to investigate vegetation-induced wave dissipation more accurately, we

excluded wind forcing from the simulation. Only the measured wave height time series at the

offshore mooring location was imposed at the open lateral boundary (indicated in red in Figure

3.3.1) of the domain. This boundary forcing represented the only input for our validation case

study. The wave direction was assumed to be perpendicular to the coastline.

We conducted three numerical experiments with the following configurations: (i) no veg-

etation (no_veg), using the default code of WW3; (ii) rigid vegetation (veg_rigid), including

the implementation used in Pillai et al. (2022b); (iii) flexible vegetation (veg_flex), including

the formulation proposed in this study. The assessment of wave attenuation was carried out by

comparing the simulation results with wave measurements taken by Infantes et al. (2012) at a

nearshore buoy after the waves traveled approximately 1 km over the vegetation.
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Figure 3.3.1. A Cala Millor case study domain and bathymetry customized from Infantes et al. (2012), with location of mooring

data. O denotes offshore moorings, while N denotes nearshore moorings. Green mesh elements indicate elements with vegeta-

tion, while yellow elements do not include vegetation at the bottom. The dashed line represents the transect N-O analyzed later.

Figure 3.3.2. Significant wave height (SWH) timeseries comparison for no_veg (no vegetation), veg_rigid (rigid vegetation)

and veg_flex (flexible vegetation) experiments against nearshore and offshore moorings in Figure 3.3.1.
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Figure 3.3.2 presents the results of the test case validation for the period investigated by In-

fantes et al. (2012). According to the observations, the reduction in significant wave height Hs

(SWH), considering the combined effects of vegetation and depth-induced damping, is approx-

imately 50-60% over a distance of ∼1 km.

The three colored lines represent our numerical experiments. As expected, the no_veg exper-

iment (blue line) closely mirrors the offshore wave height, as it only accounts for depth-induced

dissipation. This low dissipation from offshore to nearshore can be approximately quantified

as 10-20% under the simulation conditions. In contrast, the veg_rigid experiment (red line)

demonstrated the most significant wave damping, showing minimal variability in wave height

throughout the simulation period. It exhibited a substantial wave reduction of ∼80%, with a

computed bias of -0.18 m and an RMSE of 0.178 m. The veg_flex experiment (green line)

achieved the highest accuracy, with a dissipation of ∼40-50%, closely matching the observa-

tions and aligning well with the data, yielding a bias of -0.04 m and an RMSE of 0.126 m.

Figure 3.3.3 presents a map (a) and transect profile (b) of SWH, illustrating wave attenuation

during the peak event on 07/17 at 23:00. The offshore observation recorded a wave height

of 1.2 m, which corresponds to a modeled mean period of 5.25 s (IQR: 4.5–5.8 s). At the

nearshore station, SWH decreased to 0.65 m, representing 50% wave dissipation due to the

combined effects of vegetation and shoaling. This high attenuation is physically consistent with

the short-period nature of the event; as shown in Eq. 3.2.3, the dissipation term acts as a low-pass

filter that preferentially attenuates shorter-period energy. This pattern is accurately captured by

the veg_flex simulation, confirming that attenuation effects are amplified under increased wave

height and steeper wave conditions, consistent with Eqs. 3.2.3 and 3.2.4.

It is noteworthy that the SWH slopes in the N-O transect of Figure 3.3.3b exhibits varying

degrees of reduction in the different cases. The no_veg simulation showed almost a SWH lin-

ear decrease with a very low slope leading to a significant overestimation of SWH. The rigid

vegetation simulation (veg_rigid) curve shows a linear and rapid drop in SWH as the wave prop-
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Figure 3.3.3. (a) Map of SWH for veg_flex configuration and (b) SWH profiles for the three configurations (no_veg, veg_rigid

and veg_flex) along the transect N-O (as indicated in Figure 3.3.1) at the event peak of 2009-07-17 - 23:00.

agates from the boundary over the seagrass meadows. In contrast, the veg_flex implementation

displays non-linearity as waves approach the shore. This behavior is driven by flow-induced

reconfiguration, as waves shoal and energy density increases, the higher hydrodynamic drag

forces cause the blades to bend, reducing the effective vegetation length. This reduction in the

vertical canopy profile creates a non-linear relationship between wave height and energy dis-

sipation, as the plants streamline in response to increasing Cauchy number. Consequently, the

disparity between no_veg and veg_flex simulations grows non-proportionally as the wave height

increases.

Given the high accuracy demonstrated by the flexible vegetation simulation set-up, this model

structure is further used in the coastal area of Civitavecchia along the Latium coast of the Tyrrhe-

nian Sea.
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3.4 The Civitavecchia case study

To assess the impact of P. oceanica meadows on wave attenuation throughout the seasonal

cycle, the model was implemented in the coastal area of the northeastern Tyrrhenian Sea, Italy,

extending from Tarquinia in the north to S. Severa in the south, with Civitavecchia in central

zone of the domain (Figure 3.4.1).

The study area contains four SCIs established by the European Union’s Habitat Directive

(92/43/CEE) under Annex 1. Moving from north to south, the SCI 6000004 ("Seabeds be-

tween Marina di Tarquinia and Punta delle Quaglie"), SCI 6000005 ("Seabeds between Punta

S. Agostino and Punta Mattonara"), SCI 6000006 ("Seabeds between Punta del Pecoraro and

Capo Linaro"), and SCI 6000007 ("Seabeds off Santa Marinella") are present, hereinafter ref-

erenced as SCI 1, SCI 2, SCI 3, and SCI 4 respectively (Figure 3.4.1a).

In this area, the P. oceanica meadows exhibit a discontinuous distribution and high variabil-

ity in structural and functional descriptors (Figure 3.4.1a), reflecting the heterogeneity of the

local environments and the presence of various socio-economic activities (Gnisci et al. (2020),

Bonamano et al. (2021)). The upper depth limit of P. oceanica meadows was determined using

high-resolution remote sensing imagery (Borfecchia et al. (2019)), while in the shallower depths

acoustic surveys (Ardizzone et al. (2018)) have been used. P. oceanica occur at depths ranging

from 0.5 m to 25 m and are situated on rocky substrates (depicted by the red area in Figure

3.4.1a on the right), degraded matte, indicating sediment-rich areas with reduced plant cover

and dead matte with isolated patches of P. oceanica, (the violet area in Figure 3.4.1a on the

right), and sandy bottoms (the green area in Figure 3.4.1a on the right). These meadows exhibit

high fragmentation and display significant variability in coverage, ranging from 6% to 98%,

with a coefficient of variation of 72.4% (Gnisci et al. (2020)). Moreover, the density is influ-

enced by the meadows’ architecture, with an average of 141.7 ± 62.9 shoots m−2 (Bonamano

et al. (2015); Gnisci et al. (2020)).
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Figure 3.4.1. Map of the area of Civitavecchia with bathymetry, Sites of Community Importance (SCI), observations used in

the study and distribution of the P. oceanica over the different substrate types (P. oceanica on rock, P. oceanica on sand and

matte, and degraded matte with P. oceanica). (b) Mesh of the computational domain with enlarged views in the vicinity of the

Civitavecchia harbour.
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3.4.1 Model setup

Spanning approximately 90 km along the northeastern Tyrrhenian Sea coast, the model domain

(Figure 3.4.1b) is centered around the port of Civitavecchia. Coastline reconstruction involved

integrating data from recent high-resolution satellite images with the OpenStreetMap dataset

(Haklay and Weber (2008)). Advanced, customized meshing tools were employed to achieve a

high grid resolution of around 20 m near the shore and a coarser resolution of approximately 2

km offshore. GMSH (Geuzaine and Remacle (2009)) was utilized for mesh generation, while

BLENDER (Blender Community (1994)) facilitated optimization and quality checks of the tri-

angles (Bonamano et al. (2024)). The meshing algorithm, based on a frontal Delaunay approach

(Remacle et al. (2013)), defines the nominal grid size as the maximum edge length of the trian-

gles.

Bathymetric data were obtained from the EMODNET product (Consortium (2016)) at a res-

olution of 1/8 × 1/8 arc-min (approximately 230 × 230 m) for the open sea. This data was

augmented with high-resolution multi-beam data collected in specific coastal areas, including

near the harbour area and within the SCIs, provided by the Autorità di Sistema Portuale del

Mar Tirreno Centro Settentrionale. At the open lateral boundaries, the domain is forced with

the downscaled Copernicus regional model (Korres et al. (2023a)) mean wave parameters (Hs,

θ, Tpeak) of 1h frequency for the period of simulation of 1 year (2016/10/01 - 2017/09/30).

ECMWF operational analysis (Owens and Hewson (2018)) were used for wind data at 6h fre-

quency.

Numerical propagation for the unstructured triangular grid was set to CRD-N-scheme (Ric-

chiuto et al. (2005)) and the spectral propagation part is solved with simple implicit 1st order

upwind schemes. The linear input source term was activated for initial wave growth and con-

sistent model spin-up, as described by Cavaleri and Rizzoli (1981), with the filter function to

limit the effect of low-frequency energies at initial growth (Tolman (1992)). Sink terms due

to negative wind input, whitecapping dissipation, and wave-turbulence interactions, as defined
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Table 3.4.1. Description of the numerical experiments.

Experiment Configuration Description

NV No vegetation The simulation is conducted without any vegetation

present.

VF Flexible vegetation with varying substrates The simulation incorporates flexible vegetation with

annual mean leaf length values for P. oceanica (lav

as shown in Table 3.4.2). Spatial variations in leaf

length and shoot density are accounted for based on

substrate types (rock, sand, and degraded matte).

VFS Flexible vegetation with varying substrates and sea-

sonal growth factors

This simulation captures the seasonal growth of P.

oceanica, as depicted in Figure 3.4.2. Initial values

(lv) for October 2016 are provided in Table 3.4.2.

Growth and shoot density vary across substrate types

(rock, sand, and degraded matte).

by Ardhuin et al. (2009), were also included. Nonlinear wave-wave interactions were modelled

using the Discrete Interaction Approximation (DIA) (Hasselmann and Hasselmann (1985). For

the bottom friction the simple linear JONSWAP parametrization derived by Hasselmann et al.

(1973) was used. As a function of bottom topography, waves exceeding a threshold height, de-

termined by a statistical description of surf-zone wave heights, were set to break and dissipate

energy following the approach of Battjes and Janssen (1978). Triad nonlinear interactions were

resolved using the LTA model of Eldeberky and Battjes (1996). Wind stresses were computed

according to Donelan et al. (2012), while the wind field was interpolated linearly in time and

space. Shoreline reflection was activated. Flexible vegetation was incorporated into the bottom

friction definition, also introducing the seasonal variations where leaves undergo growth and re-

gression, with elongation during favorable conditions and shortening due to natural senescence

and environmental factors as shown in Figure 3.4.2. The initial leaf parameters were encoded,

and a mask file was used to mark vegetation distribution and a substrate type at each location.



3.4 THE CIVITAVECCHIA CASE STUDY 84

Table 3.4.2. Vegetation parameters for different substrates of P. oceanica meadows with initial and averaged over the simulation

period (annual mean) leaf length values, derived from field sampling within the study area.

P. oceanica parameters Rock Sand and Matte Degraded Matte

Nv (m−2) 209.46 277.57 145.3

lv (cm) 47.5 46.3 41.2

lav (cm) 28.5 35.8 25.5

bv (cm) 0.92 0.92 0.92

tv (cm) 0.03 0.03 0.03

ρv (kg/m2) 218.6 218.6 218.6

E (GPa) 0.47 0.47 0.47

To assess the wave attenuation in the study area, we conduct three experiments with different

parametrizations in the vegetation module (Table 3.4.1). In the first configuration, we simulated

the absence of the meadows in the study area by excluding the source term Sds,veg. In the second

configuration, VF, all the parameters of the vegetation module remain constant over time, while

leaf length and shoot density vary according to different substrate types given in Table 3.4.2. The

values for leaf length and shoot density represent the annual averages derived from inter-annual

sampling (see Section 3.4.2). The elastic modulus value is set at 0.47 GPa and was determined

by Folkard (2005), who measured the angle of deflection of a small, cantilevered strip of the

sheeting when loaded with small weights. In the third configuration, VFS, the model mimics the

seasonal variations in canopy height, defined as the maximum length of a leaf within a shoot.

This is achieved by fitting a fifth-degree polynomial curve (Eq. 3.4.1) to canopy height data

collected in P. oceanica meadows within the study area, with the coefficients provided in Table

3.4.3.

l = lv +α1 · t+α2 · t2+α3 · t3+α4 · t4+α5 · t5 (3.4.1)
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where lv represents the initial leaf length at the start of the simulation in October, t denotes the

day of the year, and l is the adjusted leaf length, accounting for seasonal variations. The initial

leaf length values for October 2016 are listed in Table 3.4.2.

Table 3.4.3. Growth curves coefficients for the considered P. oceanica traits in the study.

Curves substrates α1 α2 α3 α4 α5 lv

rock −1.61 2.39× 10−2 −1.55× 10−4 4.71× 10−7 −5.25× 10−10 47.51

sand −7.43 9.50× 10−3 −7.11× 10−5 2.65× 10−7 −3.45× 10−10 46.30

degraded matte −1.98 3.33× 10−2 −2.26× 10−4 6.82× 10−7 −7.43× 10−10 41.23

The growth curves obtained for the three substrate types in Figure 3.4.2 exhibit a trend similar

to those described by Ott (1980) in Gulf of Naples, an area in the Thyrrenian Sea close to the

current study area with similar wave climate. A similar approach has already been employed

in previous studies to analyze the annual growth dynamics of P. oceanica (Duarte (1989); Al-

coverro et al. (1995)) and to estimate the carbon dioxide fixed by the plants (Vassallo et al.

(2013)).

According to the growth patterns, maximum leaf development in P. oceanica occurs toward

the end of the summer season. This is followed by the onset of intense autumnal storms, which

induce the detachment of senescent leaves, leading to a marked decline in canopy height during

winter. At this stage, only juvenile shoots persist, characterized by their minimum annual leaf

length. Notably, the timing of minimum canopy height varies with substrate type, a pattern that

may reflect both biological variability and senescence cycles, as well as observational uncer-

tainty during winter months, when adverse weather conditions hindered data collection due to

the infeasibility of scuba diving.

Specifically, in the study area, P. oceanica growing on sandy and matte substrates exhibits

faster growth and greater leaf elongation during summer months. On a sandy substrate, which

facilitates root penetration (Di Maida et al. (2013)), meadows demonstrate greater resilience
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by postponing the onset of senescence and maintaining a higher minimum canopy height dur-

ing winter. In contrast, rocky substrate imposes mechanical limitations on root penetration,

restricting P. oceanica to establishing within crevices (Hemminga and Duarte (2000)), reflect-

ing a greater demand for anchorage and the reduced nutrient availability (Giovannetti et al.

(2008)). Given that sediment-based nutrient uptake through the roots is a primary pathway for

this species (Touchette and Burkholder (2000)), these constraints likely contribute to diminished

growth performance in winter months. Similarly, canopy height is lower for P. oceanica grow-

ing on degraded matte, as the reduced shoot density offers limited protection against intense

storms, which tend to uproot nearly all leaves, leaving only those a few millimeters long. Thus,

the values shown in Table 3.4.2 for initial leaf length reflect initial conditions of P. oceanica

meadows in October and are subject to change over the simulation according to Figure 3.4.2 for

VFS experiment.

The growth factor is inherently site-specific, influenced by physical and environmental vari-

ables such as wave action, turbidity, temperature, proximity to river mouths, and nutrient avail-

ability, requiring localized data collection. Unlike biogeochemical models, the proposed for-

mulation, based on in situ observations, does not rely on abiotic parameters, which are often

limited by poor temporal coverage (e.g., cloud-obstructed satellite data) or insufficient spatial

resolution in coastal zones (e.g., the 4 km grid used by CMEMS regional models).

3.4.2 Observational data

To model the P. oceanica meadows in the four SCIs, structural, morphological, and dynamic

parameters of the seagrass were collected at 15 stations (POS1-POS15) in 2017, as illustrated

in Figure 3.4.1a on the right. The sampling of plants followed a hierarchical design in accor-

dance with the standard protocol reported in Buia et al. (2004). By scuba diving, shoot density,

Nv, was determined as shoots per square meter by counting the number of shoots within nine

randomly selected squares (40 × 40 cm). A total of 18 orthotropic rhizomes were randomly
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Figure 3.4.2. P. oceanica leaf length variation throughout the year, showing seasonal observations alongside fitted growth

curves.

collected from each station (six rhizomes for three replicates per station) for phenological anal-

ysis (Giraud et al. (1979)). In the laboratory, leaves of P. oceanica were scraped to remove epi-

phytes and then washed in distilled water. Subsequently, biometric variables such as the number,

length (lv), width (bv), and thickness (tv) of juvenile, intermediate, and adult leaves per shoot

were measured at each station, following Giraud’s classification (Giraud (1977)). According to

Pergent-Martini et al. (2021), the longest leaf within a shoot is most often the third-ranked leaf,

which has therefore been adopted as the representative value for canopy height. To calculate the

tissue density of the leaves (ρv), the oldest leaf with an intact apex was dried in an oven at 60oC

for 48 hours and then weighed. Leaf density was then estimated by dividing the dry weight of

the leaf by its volume, calculated from the previously defined biometric data.

To validate the WW3 model, wave data were gathered from the wave buoy of the Civi-

tavecchia Coastal Environment Monitoring System (C-CEMS), developed by the Laboratory

of Experimental Oceanology and Marine Ecology and operational since 2005 in the coastal

marine area of Civitavecchia (Bonamano et al. (2016); Bonamano et al. (2021); Bonamano
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et al. (2023)). The Datawell wave buoy is equipped with a wave motion sensor mounted on

a stabilized platform, along with accelerometers and a magnetic compass. It has enabled the

measurement of wave height (with an accuracy of 0.5% of the measured value), wave direction,

wave period at a depth of approximately 50 meters. The simulations were validated using SWH

measurements recorded from October 2016 to November 2017.

3.5 Findings and interpretation

In this section, we first analyze the wave fields over the Civitavecchia region (Section 3.5.1)

based on VFS configuration results and discuss the overarching wave patterns. Subsequently, in

Section 3.5.2, we validate the VFS experiment output against observational data, evaluating the

performance metrics such as correlation coefficient and bias. In Section 3.5.3 we intercompare

the VF and VFS experiments against the NV.

3.5.1 Wave field analysis

The area of Civitavecchia is influenced by the waves approaching predominantly from south-

west as shown on an annual mean SWH, Figure 3.5.1 (a, b). In VFS configuration, the waves

are impacted by the vegetated zones producing irregular SWH patterns along the coast. The

deep blue colour depicts the harbour zone, which is shielded by the breakwater. The patches of

light blue regions, in (a), show the annual mean wave height reduction due to the presence of

vegetation down to 0.2 m from 0.4 m in NV configuration, (b). The seasonal SWH maps (Figure

3.5.1 c, d, e, f) illustrate that waves are greater during autumn to winter period (OND, JFM),

with offshore waves averaging 0.8 m and diminishing to 0.4 m at the coast of Civitavecchia.

During this period, the predominant wave direction is northward, highlighting the exposure of

site SCI 3 to substantial wave activity at the Santa Marinella coastal edge. Conversely, during

the warmer spring to summer period (AMJ, JAS), wave energies decrease by ∼ 40%, with off-
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shore waves averaging 0.5 m and reducing to 0.3 m at the coast. During this period, the waves

approach the coast more perpendicularly and SCI 4 benefits from the partial protection provided

by the Santa Marinella headland, resulting in wave divergence.

3.5.2 Model performance analysis

We assess the wave model’s performance using offshore buoy data described in Section 3.4.2.

However, since the buoy is located outside the vegetated area and beyond its influence, the

validation does not account for the effects of seasonal variability or flexibility in the model im-

plementation. Nevertheless, the SWH timeseries in Figure 3.5.2a at the wave buoy location (see

Figure 3.4.1a) provides valuable insight into high-amplitude waves over the simulated period,

with wave heights reaching 4 meters, peaking in March. These strong wave events occur more

frequently during colder seasons. As previously noted, we anticipate that high-amplitude waves

in autumn will impact the coastline and significantly damage the vegetation canopies starting

over the seasonal cycle in October, as observed in Figure 3.5.2a. The figure compares the VFS

experiment results with wave observations collected during the same period, represented in red.

To minimize the impact of localized point-wise variations, the average values from the five

nodes closest to the buoy were used. The model generally overestimates wave heights during

autumn and winter, while slightly underestimating peak wave events in spring and summer.

When wave heights are below 0.5 m, the model tends to provide lower estimates than observed.

Overall, the model demonstrates strong performance, accurately capturing peak events with a

high correlation coefficient of 0.95 and a bias of -0.14 m (Figure 3.5.2b).

We further analyze the model performance calculating the dimensionless relative bias in

SWH associated with the incoming wave direction (Figure 3.5.3). The relative bias is defined as

the mean error normalized by the maximum of the root mean square or the absolute mean of the

observations ⟨Hmod −Hobs⟩/max(rmsHobs
, |⟨Hobs⟩|), where Hmod and Hobs represent the sim-

ulated and observed significant wave heights, respectively (Roelvink et al. (2009)). Consistent



3.5 FINDINGS AND INTERPRETATION 90

Figure 3.5.1. Maps (zoomed over the coastal area) of annual mean (a,b) of VFS and NV configurations, and seasonal (OND,

JFM, AMJ, JAS) mean (c, d, e, f) SWH (1 Oct 2016 - 30 Sept 2017) including flexible vegetation and seasonality effect (VFS).

The wave buoy position is indicated by the star marker.
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Figure 3.5.2. Comparison of the wave model results with the buoy data (Figure 3.4.1a) in terms of timeseries (a) and a scatter

plot (b). In plot (b), the dash-dot black line represents the perfect correlation for the reference, while the solid red line shows

the model fitting. A statistical summary is also provided.

Figure 3.5.3. Heatmap of SWH and wave direction relative bias (dimensionless), with the relative bias formulation described

in Roelvink et al. (2009).

with the quiver map in Figure 3.5.1a, the mean incoming wave direction is southwest, ranging

between 210-240◦N. We observe a 0.2 increase in SWH relative bias with rising wave height

for waves ranging from 3 to 4.5 m. However, for smaller southern waves, 180◦N, of 1-2 m, the

model predominantly underestimates SWH, showing a negative bias of 0.3. The highest positive

bias, 0.3, is most frequently observed for the western waves (270-300◦N) of 2-3.5 m magnitude.
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Expectedly, the lower-amplitude waves, due to their higher frequency, produce a negative bias

across all directions, reaching 0.4. This effect is also evident in Figure 3.5.2a, where the model

consistently underestimates SWH.

The variability in bias is likely associated with the absence of coupling effects with currents

in the region. Studies identify the Bonifacio Strait as a principal driving force of cyclonic and

anticyclonic gyres (Astraldi and Gasparini (1994)), forming the Bonifacio cyclone, where the

winter convection is particularly strong reaching the northeastern coasts (Iacono et al. (2021)).

From autumn to early spring, the northward principal stream entering the Tyrrhenian Sea from

the Sardinia Channel and Sicily Strait follows along the eastern coast and splits into an outflow-

ing stream via the Corsica Channel and a cyclonic southward flow entrained by the Bonifacio

gyre (Vetrano et al. (2010)). These circulation patterns may influence wave dynamics, poten-

tially affecting the model’s performance, though the extent of this impact remains unclear and

requires further investigation.

Table 3.5.1. Monthly mean Hs and Ub over vegetation area and their differences for the three experiments in Table 3.4.1.

Variable Experiment OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

Hs (m)

VFS 0.43 0.67 0.33 0.48 0.56 0.49 0.43 0.31 0.29 0.36 0.26 0.48

VF 0.43 0.62 0.31 0.45 0.54 0.47 0.42 0.3 0.29 0.37 0.27 0.51

NV 0.48 0.72 0.35 0.52 0.62 0.54 0.48 0.33 0.32 0.41 0.3 0.59

Hs (%)

VFS-NV -11.06 -7.23 -4.97 -7.16 -8.39 -10.15 -9.08 -7.53 -8.46 -12.6 -11.28 -18.36

VF-NV -11.25 -14.21 -10.93 -12.46 -12.76 -13.89 -10.59 -7.89 -6.91 -9.07 -7.8 -13.09

VFS-VF 0.21 8.13 6.7 6.06 5.01 4.34 1.69 0.39 -1.66 -3.88 -3.78 -6.07

Ub (m/s)

VFS 0.08 0.14 0.07 0.09 0.12 0.1 0.08 0.05 0.04 0.06 0.04 0.1

VF 0.08 0.13 0.06 0.09 0.11 0.09 0.08 0.05 0.04 0.07 0.04 0.1

NV 0.09 0.16 0.07 0.1 0.14 0.12 0.09 0.06 0.05 0.08 0.05 0.13

Ub (%)

VFS-NV -16.01 -9.41 -6.95 -10.17 -11.13 -13.36 -13.27 -13.36 -15.36 -20.07 -19.85 -24.39

VF-NV -16.18 -18.24 -15.37 -17.69 -16.91 -18.25 -15.45 -13.98 -12.5 -14.59 -13.84 -17.55

VFS-VF 0.2 10.79 9.96 9.13 6.95 5.99 2.58 0.72 -3.08 -6.41 -6.97 -8.29
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3.5.3 Seagrass induced wave attenuation

We compare the three experiments described in Table 3.4.1 to evaluate the contributions of

flexible vegetation and seasonal effects to wave attenuation. Table 3.5.1 presents the monthly

mean values of Hs and Ub, averaged across all vegetated nodes for the three experiments, along

with their corresponding percentage differences. When modulated by seasonal growth patterns

(VFS), the mean monthly Hs ranges from 0.2 m (JUN) to 0.6 m (NOV), with wave dissipa-

tion rates varying from a minimum of 4% in December to a maximum of 19% in September,

accounting for the standard deviation of 4%. A similar seasonal variability is observed for Ub,

although dissipation rates are slightly higher, ranging from 6% to 25%. In comparison, the VF

experiment exhibits lower annual variability of 2% in wave attenuation, with values ranging

from 7% to 14% for Hs and from 12% to 18% for Ub. Seasonality accounts for an additional

5% variability in Hs and 7% in Ub (VFS - VF), with maximum observed differences of 8% and

10%, respectively. Wave damping efficiency varies seasonally, with reduced attenuation during

early stages of leaf development (NOV - DEC), when the positive difference between VFS and

VF is most pronounced. Conversely, a negative difference, indicating greater attenuation under

seasonal conditions, occurs between June and October, when leaf length exceeds the annual

average set in the VF simulation.

The observed seasonal variability in attenuation is further influenced by the dimensionless

blade length to wave orbital excursion ratio, L, according to Eqs. 3.2.5, 3.2.6, which modulates

effective leaf length response to wave forcing conditions. Figure 3.5.4(a, b) depicts the maps

of wave orbital excursion (Aw) with the L-ratios over the vegetated areas for VFS experiment.

These maps are constructed using the annual mean, lavg, and maximum, lmax, leaf length values,

in relation to the maximum, Amax
w , and 90th percentile, A90%

w , of the wave orbital excursion.

The results indicate that the condition L≪ 1 is primarily associated with high-energy wave

events characterized by peak near-bed orbital excursions. In contrast, the L≫ 1 regime is more

commonly encountered under typical wave conditions. The domain-averaged monthly mean
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L-ratios over vegetation areas in Figure 3.5.4c illustrate that at least 65% of wave conditions

fall within the L≫ 1 regime, scaling effective leaf length as le/lv ∼ (Ca ·L)−1/4. Notably, this

regime dominates during the summer months (June-August), a period characterized by both

reduced wave orbital excursions and peak leaf lengths.

Figure 3.5.4. Maps (a, b) of wave orbital excursion (Aw) with the L−ratios over the vegetated areas; (c) the domain-averaged

(over vegetation only) monthly mean L-ratios.

However, this comparison does not fully capture the impact of P. oceanica meadows across

different substrates on wave dissipation and their temporal patterns. Therefore, we further in-

vestigate the substrate-specific and spatial (node-wise) effects of the canopy on wave behavior,

with particular emphasis on seasonal variability.
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3.5.3.1 VFS vs. NV: Wave attenuation by P. oceanica over different substrate types and SCIs

Figure 3.5.5 illustrates the cyclic, monthly mean reduction in Hs and Ub throughout the year

(Oct’16 - Nov’17), averaged across P. oceanica over different substrates and SCIs, attributable

to the presence of flexible vegetation canopies with seasonal effect, given by the difference

between VFS and NV configurations. During the summer months, the leaves undergo rapid

growth due to calm seas, optimal weather and nutrient availability, reaching peak maturity in

late summer, followed by the arrival of high waves, which damage the canopies. In winter, wave

height attenuation is at its lowest, ranging from 2% - 9% over all SCIs and 1% - 11% across

various substrate types, with the strong variation between P. oceanica over degraded matte and

rocks; similarly for the bottom orbital velocities marking 3% - 8% and 1% - 14% of reduction

respectively. From spring through summer, the pattern remains consistent, with average wave

reduction around 7% - 9% for both Hs and Ub. This seasonal trend reflects high wave energy

and shorter leaf lengths in spring, followed by lower wave energy and developing leaves in sum-

mer. When leaf maturity peaks and high waves arrive in September, both factors contribute to

maximum wave damping, with reductions of 10% - 18% in Hs over SCIs and 9% - 24% across

substrates, and 13% - 20% and 11% - 29% in Ub, respectively. P. oceanica growing on sandy

and rocky substrates demonstrates a more pronounced impact on wave attenuation compared to

degraded matte, which is characterized by lower shoot density and leaf length of P. oceanica.

Notably, the trends associated with different substrate types do not follow the expected sea-

sonal patterns in Figure 3.4.2, suggesting that P. oceanica meadows on rocky substrates exhibit

greater wave dissipation capacity than those on sandy substrates during summer, despite the

observed variations in leaf length and shoot density. This discrepancy can be attributed to the

spatial distribution of the meadows, as illustrated in Figure 3.4.1a, where P. oceanica over sand

is located farther from the shore compared to those on rocks. Given that wave dissipation (Eq.

3.2.3) is a function of the ratio of leaf length to water depth, this spatial arrangement influ-
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ences dissipation efficiency, as also demonstrated in great detail by the laboratory experiments

of Anderson and Smith (2014).

Figure 3.5.5. Mean monthly Hs and Ub percentage reduction (VFS experiment) for P. oceanica over different substrates (a,b),

and four SCIs (c,d), averaged across vegetated points in the mask.
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3.5.3.2 VFS vs. VF: The contribution of seasonal variability of seagrass leaf length

To isolate the seasonal impact of the vegetation model on wave damping, we compare the VFS

and VF experiments accross different substrates. Figure 3.5.6’s bar chart illustrates the percent-

age differences between the two simulations considering the phenotypic traits of P. oceanica.

Seasonal variations in seagrass growth lead to a positive difference during late autumn, winter,

and spring, reflecting reduced wave attenuation capacity, followed by a shift to a negative differ-

ence in summer and early autumn, indicating enhanced wave damping efficiency. The maximum

monthly difference is observed over rocks, reaching 10% and 13% for Hs and Ub respectively.

The standard deviation across all substrates over seasonal cycle is 5% and 7% (depicted by a

solid line), as seen earlier in Section 3.5.3. Overall, the seasonal patterns conform to the growth

curves in Figure 3.4.2.

Figure 3.5.6. Timeseries of mean monthly Hs and Ub percentage difference between VFS and VF simulations across substrate

types ((HV FS −HV F )/HV F ×100). Bars indicate the average differences over vegetated points for each substrate, while the

solid orange line represents the weighted average across all vegetated areas in the domain.
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3.5.3.3 Seasonal wave attenuation maps

Figure 3.5.7 illustrates the node-wise Hs attenuation capacity of vegetated areas along the Civ-

itavecchia coast by quantifying the wave height reduction attributable to flexible canopies and

their seasonal growth patterns. The wave height reduction ranges from 20% to 40% in the SCI

1 and 2 regions (north of Civitavecchia port) and from 10% to 30% in SCI 3 and 4. This dis-

crepancy can be attributed to several factors, such as partial sheltering by S. Marinella headland

(Section 3.5.1), seagrass distribution (Figure 3.4.1a), and lower wave damping capacity of P.

oceanica over degraded matte (Section 3.5.3.1). SCI 2 exhibits the highest wave attenuation

capacity, attributed to its predominantly rocky substrate and direct wave exposure. Seasonally,

peak wave attenuation occurs during the JAS period (d), driven by intense storm events and the

canopy reaching its maximum height. Lower values are observed in winter and spring (a, b, c)

due to the presence of predominately juvenile leaves.

3.6 Discussion

Among marine phanerogams, P. oceanica has a high capacity for wave attenuation as it forms

extensive and dense meadows in coastal areas, with leaves that frequently exceed one meter in

length (Koftis et al. (2013)). Due to changing wave energies, P. oceanica meadows bend and

straighten, causing varying stresses depending on wave orbital velocities, reducing shear and

leading to a lower wave damping effect.

As proposed by Luhar and Nepf (2011) and further refined in Luhar and Nepf (2016), the

flexibility effect was incorporated into the source term of WW3 by replacing the vegetation

leaf length with an effective length as a function of the bottom orbital velocity. Due to the

plant’s partial passive movement with the wave, this new configuration results in a reduced

wave height attenuation compared to that for a fully rigid blade of the same geometry (Lei and
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Figure 3.5.7. Maps (zoomed over the coastal area) of seasonal (OND, JFM, AMJ, JAS) mean SWH attenuation (VFS - NV).

Nepf (2019)). Similar to the findings of Beudin et al. (2017), we observed the impact of sub-

merged seagrass on wave characteristics in terms of reduced wave steepness and a localized

increase in mean wavelength. Figure 3.6.1 illustrates the impact of vegetation on wave charac-

teristics. As in Beudin et al. (2017), we note the reduction in wave steepness toward the shore as

waves interact with seagrass patches. This reduction arises from a combination of wave height

damping and a localized increase in the mean wavelength. The latter reflects a spectral shift

resulting from seagrass preferentially attenuating shorter, high-frequency waves, rather than

an elongation of individual wave components. Such frequency-dependent attenuation has been

documented in previous studies, where submerged aquatic vegetation acts as a low-pass filter,
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selectively damping higher-frequency wave components and allowing longer-period waves to

propagate more effectively (Nowacki et al. (2017); Bradley and Houser (2009)).

Figure 3.6.1. The impact of vegetation on wave characteristics. (a) Transect line at SCI 2 site, near P05 sampling station; (b)

Wave steepness and mean wavelength profiles (annual means) along the transect line, where the shore end is the origin of the

x-axis.

To explore how incorporating flexibility can improve model performance and better simulate

the effects of seagrass meadows on wave attenuation, a test case was designed to replicate the

experiment of Infantes et al. (2012) in the Balearic Islands, where wave parameters were mea-

sured for over a month within a P. oceanica meadow with known shoot density and leaf length.

The model results demonstrated a markedly improved agreement with observed data, achieving

wave damping of up to 40-50% for peak energies, compared to the rigid vegetation experi-

ment, which substantially overestimated it at around 80%. Additionally, the model produced a

cross-shore variation of wave height that more accurately mimics the nonlinear characteristics

inherent in the complex interaction between waves and a flexible canopy.

In application to the Civitavecchia case study, at seasonal scale, we observed an additional

monthly wave damping variability of up to 10%, averaged across P. oceanica over different

substrate types, attributed to the seasonality effect in contrast to the flexible vegetation model
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alone. Reduced wave dissipation rates were observed until June, when leaf lengths surpassed the

annual averages established for each phenotypic trait in the non-seasonal experiment, VF, after

which wave damping increased toward the end of the seasonal cycle in September. Thus, the

lack of seasonal variability in the model leads to a misrepresentation of seagrass wave damping

efficacy, overestimating its impact in winter and spring, and underestimating it in summer and

autumn.

From a spatial point of view, in terms of SCI sites, the model showed a wave damping of

approximately 10% during peak waves in March for SCI 2 on average. As both SCI 1 and SCI

2 are predominantly composed of rocky substrates and are exposed to direct waves from the

southwest, they experience a greater impact and, consequently, more significant wave reduction

compared to SCI 3 and SCI 4. The maximum wave damping reached 16% - 18% on average in

September over SCI 1 and SCI 2, and 10% - 12% over SCI 3 and SCI 4. The seasonal effect

did not show a linear correlation with the monthly average wave reduction across SCIs when

compared to non-vegetated simulation. This aligns with the vegetation model, where wave dis-

sipation is closely related to both wave energy levels and leaf length. Similarly, we observed

consistent results in the analysis of wave damping across various substrate types, with peak

SWH reductions of 24%, 22%, and 9% for P. oceanica traits over rock, sand, and degraded

matte, respectively. It’s noteworthy that SCI 4, characterized by a higher concentration of de-

graded matte, exhibited a lower wave attenuation capacity of maximum 10%.

The improved predictive skill demonstrated by the flexible and seasonal vegetation formu-

lations represent a reduction in model overestimation and a more physically realistic represen-

tation of wave-canopy interactions under intra-annual wave conditions. The quantified wave

attenuation effects are fundamentally limited by the mechanical constraints of the seagrass

themselves, and care must therefore be exercised when extrapolating these results to opera-

tional contexts, ensuring that the benefits of vegetation are understood within their appropriate

physical and ecological bounds.



3.6 DISCUSSION 102

It is important to note that the seasonality effect is applied to the Civitavecchia site with coef-

ficients empirically derived from site measurements. Consequently, this approach relies on fitted

growth curves known for the site of interest, although it can be adapted for use in other areas,

provided that the observational data are available. Here, however, the development was specifi-

cally tailored to accurately estimate the dynamics of the Civitavecchia coastal region. Seasonal

variation was primarily tracked by monitoring the extension of leaf length over time, without

considering the decline in size, coverage, and shoot density in recent decades (Marbà et al.

(2014); Telesca et al. (2015)) due to a combination of anthropogenic impacts (i.e., boat anchor-

ing, siltation, etc.) and climate change (i.e., introduction of exotic species, the rise of sea surface

temperature, and the intensification of wave energy along the coastal zone). The measurements

used to reproduce the behavior of P. oceanica were obtained through point-based scuba diving

observations, which are inherently non-synoptic and spatially heterogeneous. High-resolution

spatial and temporal studies typically require extensive in situ data collection, which is both

costly and time-consuming. Therefore, the adoption of innovative monitoring techniques, such

as autonomous vehicles (e.g., Unmanned Surface Vehicles – USVs) equipped with acoustic

sensors, could significantly enhance both data coverage and synopticity. These systems are ca-

pable of measuring seagrass height and coverage in shallow coastal areas that are inaccessible

to traditional hydrographic platforms, while also detecting canopy variations induced by severe

events (Piazzolla et al. (2024)).

Such events can damage vegetation canopies, leading to the temporary absence of seagrass

meadows (Oprandi et al. (2020a)), thereby reducing the wave attenuation effect. This feedback

loop from the wave model to the vegetation dynamics was not incorporated into our model.

Thus, further investigation into seasonal variations of seagrass is necessary, by incorporating

abiotic factors that influence plant population dynamics, such as temperature and irradiance

(Zupo et al. (1997)), as well as nutrient availability (Elkalay et al. (2003)). Another impor-

tant consideration is that relying solely on a wave model, without incorporating circulation
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dynamics of the region discussed in Section 3.5.2, overlooks the current-induced turbulence

that develops above the seagrass canopy, as investigated by Vettori et al. (2025). Beth Schaefer

and Nepf (2022) showed that currents can either amplify or diminish vegetation-induced wave

damping depending on wave conditions, and the inclusion of this interaction would represent

a valuable enhancement to the present study. As demonstrated by Gacia and Duarte (2001),

seagrass meadows, by trapping sediments, enhance sediment deposition and reduce resuspen-

sion through flow attenuation, stabilizing the seabed and promoting canopy persistence. Inte-

grating sediment transport processes into such coupled frameworks is essential to unravel how

sediment-vegetation interactions govern long-term seagrass resilience.
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Chapter 4

Wave- and currents-driven sediment transport

and morphodynamics

The following chapter presents the development and application of a wave-current-sediment

transport and morphodynamics model, addressing seabed response and feedbacks to hydrody-

namic forcing, as conceptually illustrated in Figure 4.0.1. This is accomplished by extending

the SHYFEM-MPI model with a Sediment Transport and Morphodynamics (STM) module, de-

tailed in the subsequent sections. In this stage, the benthic boundary layer described in Chapter

3 is excluded, to establish the core hydro-morphodynamic coupling and provide the foundation

for subsequent model development. The chapter elaborates on the model’s theoretical frame-

work, challenges and numerical implementation, demonstrating its applicability across geome-

tries that span from idealized setups to complex coastal domains driven by atmospheric, wave,

and circulation forcing.

4.1 Theory and implementation

Nearshore sediment dynamics are markedly nonlinear as tides, winds, surface waves and river

plumes interact across multiple spatial and temporal scales. These natural drivers, combined

with anthropogenic pressures such as coastal structures, reflective seawalls, and vegetation loss,

modulate sediment budgets and shoreline position, often intensifying long-term erosion and

flooding risk in densely populated coastal zones (Afentoulis et al., 2022; Divinsky et al., 2021;
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Figure 4.0.1. Schematic representation of the two-way coupling between hydrodynamics (waves and currents) and sediment

transport/morphodynamics. The exchange fields and their corresponding symbols are detailed in Figure 1.3.1.

Divinsky and Kosyan, 2020; Roelvink and Costas, 2019; Seabergh and Kraus, 2003). Under-

standing and predicting sediment transport and morphology feedbacks in such settings is a

prerequisite for hazard assessment, infrastructure planning, and ecosystem management.

4.1.1 Dynamics of the bottom boundary layer

At the process level, the Bottom Boundary Layer (BBL) is a central control on morphological

adjustment. In shallow and intermediate depths, near-bed flows are typically governed by the

combination of oscillatory wave motion and currents, with wave orbital velocities comparable to

coastal current magnitudes, while wave-induced bed shear can exceed current-only shear by an

order of magnitude during energetic conditions (Grant and Madsen, 1979, 1986). Statistical de-
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scriptions of random waves and their induced bottom friction provide a basis for quantifying the

distribution and extremes of near-bed shear stress across laminar and turbulent regimes, which

in turn regulate the onset of motion, transport mode, and resuspension (Myrhaug, 1995). Classic

reviews synthesize the differences between wave- and current-dominated regimes, the forma-

tion of bedforms, and the consequences for roughness and transport efficiency in both fluvial and

coastal contexts (Graf, 1975; Yalin, 1977; Nielsen, 1992; Fredsoe and Deigaard, 1992; Soulsby,

1997; Van Rijn, 1993, 2007; Julien, 2010). Multiscale two-way wave–current–sediment feed-

backs mandate developing coupled/forced models to realistically capture bed and coastal evo-

lution, as well as sediment transport dynamics. This need is amplified by societal exposure,

as substantial global populations reside near coastal zones (Clare et al., 2021), and climate-

driven changes in sea level and storms will alter coastal morphodynamics in ways that chal-

lenge existing defenses (Hinkel et al., 2013). These dynamics are further complicated by ben-

thic layer interactions at seafloor: coastal vegetation, such as saltmarshes, submerged seagrass,

and mangroves, significantly alter transport mechanisms by enhancing deposition and trapping

suspended particles, thereby influencing local morphology and coastal resilience (Gacia and

Duarte, 2001; Chen et al., 2018).

4.1.2 State of the art

A wide spectrum of morphodynamic modelling approaches has emerged over the last four

decades (Amoudry et al., 2008; Amoudry and Souza, 2011; Clare et al., 2021). One-dimensional

models are computationally efficient but cannot represent cross-stream or vertical structure.

Depth-averaged models based on the shallow-water approximation can capture horizontal trans-

port pathways and planform geometry, using finite difference, finite volume, or finite element

discretization schemes (e.g., XBeach, MIKE 21, Delft3D) (Warren and Bach, 1992; McCall

et al., 2015; Lesser et al., 2004). Three-dimensional models resolve vertical structure and strati-

fication but are more expensive; established frameworks include ROMS, SCHISM, and Delft3D,
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which combine free-surface Reynolds-averaged Navier-Stokes equation (RANS) solvers with

wave coupling and sediment modules (Warner et al., 2008; Lesser et al., 2004). Finite element

and unstructured-mesh systems (e.g., TELEMAC-SISYPHE, Thetis) offer geometric flexibil-

ity, local conservation, and scalable parallelism on complex coastlines for advection-dominated

transport (Hervouet, 2007; Kärnä et al., 2018). These frameworks increasingly support internal

or external coupling to spectral wave models (e.g., SWAN, WW3), enabling consistent ex-

change of radiation stresses, wave-enhanced roughness and drag, and wave–current interactions

on shared or mapped meshes (Wu et al., 2011).

4.1.3 Concept of sediment transport modelling

Across models, sediment transport is commonly decomposed into bedload and suspended load,

with bed evolution governed by Exner’s equation and bed feedbacks mediated through rough-

ness and bedforms. Semi-empirical predictors remain the standard approach for estimating

transport rates, while unified bedform-roughness formulations connect flow mobility to rip-

ple, megaripple, or dune geometry and the partitioning of skin and form drag (Soulsby, 1997;

Van Rijn, 2007; Tassi and Villaret, 2014). Under wave-dominated regimes, boundary-layer

structure, sheet flow, and oscillatory stresses demand physics and parameterizations that differ

from purely current-driven transport, particularly in the surf zone where depth-limited break-

ing and strong gradients in radiation stress prevail (Grant and Madsen, 1986). Robust validation

and test cases, spanning laboratory flumes to field-scale settings, are essential to constrain model

choices and parameter ranges, a need repeatedly emphasized for high-performance morphody-

namic models (Syvitski et al., 2010; Villaret et al., 2013a). However, on a large scale domains,

the challenges of data availability and resolution persist. The satellite era has expanded observa-

tional capabilities, with remote sensing providing synoptic views of shoreline change, turbidity

plumes, grain size distribution, and suspended sediment concentrations (Varghese et al., 2024;

Benincasa et al., 2019; Pitarch et al., 2019; Volpe et al., 2011; Noori et al., 2023).
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4.1.4 Challenges and study outline

Despite substantial progress, the key challenge is to assemble a model to represent complex

coastal and estuarine environments, with nonlinear interactions across scales, while managing

computational cost and uncertainty due to unresolved physics and the lack of seamless tran-

sitional formulations across flow regimes and sediment classes as well as the definitive for-

mulations to the near bed boundary processes under diverse conditions. Bed roughness and

bedform formulations are often calibrated for specific settings, and their generalizability is un-

certain. Moreover, bedload transport is intrinsically slope-dependent: spatial gradients in bed

elevation modify the effective Shields stress and introduce gravity-driven components that re-

orient and modulate transport rates, evident on riverine systems. Robust assessment therefore

demands high-resolution, uncertainty-characterized bathymetric and topographic datasets capa-

ble of resolving local bed slopes and their variability. This necessitates the local high-resolution

bathymetric data collection efforts.

In this study, we implement and apply a three-dimensional, wave-forced sediment transport

and morphodynamics model embedded within a circulation core. The following sections are

organized to demonstrate the model’s capabilities across different environments. Section 4.2

describes the model’s formulation, implementation, and limitations. Section 4.3.1 presents an

idealized tidal inlet test case (Warner et al., 2008) to assess performance under wave-dominant

conditions and to conduct inter-model comparisons. Section 4.3.2 extends the model to a me-

andering river (Yen and Lee, 1995) to evaluate current-driven bedload transport under fluvial

conditions on a fine domain. Finally, Section 4.3.3 applies the model to the Fiumicino coast at

the Tiber river mouth, leveraging an extensive observational dataset of sediment distributions,

bathymetric surveys and satellite observations, validating its performance on a complex domain.

The key findings and implications of this work are synthesized in Section 4.4.
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4.2 Methodology

4.2.1 Model implementation and limitations

Building on the foundational works of Van Rijn (1984), Van Rijn (1993), and Soulsby (1997),

this study implements the STM modules within the parallel circulation model SHYFEM-MPI

(Micaletto et al., 2022). The parallel architecture, based on the Message Passing Interface (MPI)

(The MPI Forum, 1993), is crucial for managing the computational cost, which scales with the

number of sediment classes, as each class is handled as an independent tracer field requiring its

own advection-diffusion solution. Accordingly, the STM components developed in this study

were designed and optimized to operate efficiently within the model’s distributed-memory par-

allel framework. The implementation adapts and advances on the earlier developments of the

sediment transport model by Neumeier et al. (2008), Ferrarin et al. (2010), and Li and Amos

(2001). The z∗ vertical discretization is adopted, a free-surface following scheme described in

detail by Verri et al. (2023). Wave forcing fields are supplied by the WW3 spectral wave model

(WW3DG), extending on the work discussed in Chapter 2. Wave forcing is provided through

an offline (one-way) coupling to manage implementation complexity and focus on the direct

impact of waves on sediment transport. Consequently, feedback from morphological changes

to the wave field is not included. Nevertheless, the critical feedback to the circulation model is

retained, with bathymetry updated at each morphodynamic step, thereby modifying the near-

bed velocity and shear profiles. This evolving seabed also adjusts the free-surface elevation

through the bathymetry change term, ∂tζ , in the continuity equation (Section 4.2.2.3), ensuring

the hydrodynamics dynamically adapt to the changing morphology. The circulation and wave

models use the same unstructured grid, which ensures one-to-one match and eliminates the ne-

cessity of results interpolation, therefore reducing bias. Wave parameters (see Figure 4.0.1) are

read within SHYFEM-MPI and partitioned accordingly, with internal linear interpolation for

the adaptive time stepping mechanism of the model.
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We must note that the use of z∗ discretization for sediment transport has inherent limitations,

as the bottom layer exhibits a stepwise discontinuity. This characteristic restricts the applica-

bility of morphodynamics due to the additional source of error involving algorithmic trapping

mechanism induced by velocity convergence at neighbouring vertex layer boundaries. Con-

sequently, morphodynamic simulations are confined to cases involving small bed-level varia-

tions, non-bed-intersecting water column discretizations, or depth-averaged model configura-

tions. However, given the varying sediment classes and depths spanning from the shallow to

deep waters, such vertical discretisation reduces computational domain significantly, although

traditional models employ terrain-following sigma layers (σ) for sediment transport, which en-

sure continuity at the bottom boundary layer at the cost of increased computational demand.

To address this issue future work will be considered to merge the generalized σ-layers with the

geopotential z coordinate system, creating a hybrid solution that ensures continuity at sloping

shallow and riverine waters, while maintaining computational efficiency at deeper waters.

4.2.2 Governing equations

The mathematical formulation of the morphodynamic model is rooted in the conservation of

sediment mass. Sediment transport is represented through two principal modes: the suspended

load, advected and diffused throughout the water column, and the bedload, moving within a

thin layer near the seabed. The governing equations presented below describe the coupled dy-

namics of these transport modes and their feedbacks with the evolving bed morphology. We first

introduce the three-dimensional advection–diffusion equation for suspended sediment concen-

tration, together with the boundary conditions that govern erosion and deposition fluxes at the

bed. Next, the temporal evolution of bed elevation is obtained from the Exner equation (Paola

and Voller (2005)), which ensures sediment mass conservation by linking the divergence of both

suspended and bedload fluxes to changes in seabed elevation. Finally, the morphodynamic feed-
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back on hydrodynamics is closed through the continuity equation for the free surface, thereby

maintaining two-way coupling between sediment transport, bed evolution, and the flow field.

4.2.2.1 Advection-diffusion of suspended sediments

Suspended sediment transport is typically described by an advection-diffusion equation (Galap-

patti and Vreugdenhil (1985)), similar to other tracers as detailed in Micaletto et al. (2022), and

in general form it reads:

∂C

∂t
+∇h · (uhC)+

∂
[
(w−ws)C

]
∂z

= νh∇2
hC + νv

∂2C

∂z2
+F (4.2.1)

where C is the sediment concentration (kg/m3), uh = (u,v) is the horizontal velocity vector

(m/s), w is the vertical velocity (m/s), and ws is the settling velocity (m/s), νh and νv are

the horizontal and vertical eddy diffusivities (m2/s), computed through Smagorinsky (1963)

and Burchard and Petersen (1999b) turbulence closure schemes, respectively, and F represents

additional sources or sinks. Integrating 4.2.1 over the layers hl, as described in Verri et al. (2023)

for z∗ discretisation, it takes the following form:

∂
(
hlCl(i)

)
∂t

+∇h · (UhCl(i))+

z∗l−1∫
z∗l

∂
[
(wl −ws(i))Cl(i)

]
∂z∗

dz∗ = hlνh,l∇2
hCl(i)+

z∗l−1∫
z∗l

νv,l
∂2Cl(i)

∂z∗2
dz∗+F

(4.2.2)

where the indices i and l indicate the sediment class and vertical layer respectively, with h being

the layer thickness (m), and Uh the layer-integrated horizontal transport vector. The vertical
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boundary condition for 4.2.2 is given by (Ferrarin et al. (2008)):

−νv,η
∂C(i)

∂z∗

∣∣∣∣
z∗=η

+ws(i)Cη(i) = 0, (4.2.3)

+νv,ζ
∂C(i)

∂z∗

∣∣∣∣
z∗=ζ

+ws(i)Cζ(i) = Γ(i) (4.2.4)

where Γ (kg/(m2s)) represents a flux of matter between the water column and the seafloor,

represented as the difference of eroded (E) and deposited (D) sediments. The components for

these fluxes are defined at the bed interface (∆z = lim
δ→0+

(ζ + δ)) based on a near-bed Cζ and an

equilibrium Ceq concentrations:

D = Cζ(i)

( ν

∆z
+ws(i)

)
(4.2.5)

E = Ceq(i)

( ν

∆z

)
(4.2.6)

where ν is the kinematic viscosity of the fluid; Ceq is the equlibrium concentration that the flow

can support. The sediment profile reconstruction follows Rouse distribution and is detailed in

Section 4.2.2.11.

4.2.2.2 Seafloor evolution

The temporal evolution of the seabed elevation, ∂ζ/∂t, is governd by the Exner equation (Paola

and Voller, 2005; Villaret et al., 2013b), with the contributions from the suspended sediment

flux Γ and the bedload transport vector Qb = (qb,x, qb,y) (kg/(ms)). In its differential form, the

Exner equation thus reads:

∂ζ

∂t
=

m

ρs(1− p′)
(∇h ·Qb−Γ) (4.2.7)

where p′ is the bed surface porosity set to 0.5, m is a morphological factor (Gerritsen et al.

(2007)), ∇h is the horizontal divergence operator (m−1), and Qb components are detailed in

Section 4.2.2.10.
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4.2.2.3 Free surface

Morphological adjustments of the seabed induce perturbations in the overlying water column,

which, through mass-continuity, manifest as changes in the free surface elevation, η (m). Deriv-

ing the sea surface elevation from the mass continuity equation with a component of time rate

of change of seabed elevation ζ(x,y, t) (positive downwards), we obtain:

∂η

∂t
=

∂ζ

∂t
−∇hUh − qw − 1

ρ0

η∫
ζ

Dρ′

Dρ
dz∗ (4.2.8)

where qw is a normalized fresh water flux as in Pinardi et al. (2014), Uh is the depth-integrated

horizontal transport vector (m2/s). This formulation is complacent with the definitions of Vallis

(2017) for shallow water system and Roos and Hulscher (2003).

The definition of the normalized coordinate z∗ (Verri et al. (2023)) here is extended to account

for the time-dependent bed elevation ζ(x,y, t), replacing the static bathymetry by the evolving

bed due to sedimentation and erosion processes as follows:

z∗(x,y,z, t) =
z− η(x,y, t)

ζ(x,y, t)+ η(x,y, t)
ζ(x,y, t) (4.2.9)

where z represents the fixed vertical coordinate in the underlying geopotential (z-level) dis-

cretization.

4.2.2.4 Radiation stresses

Surface gravity waves exchange momentum with currents through the radiation-stress or vortex-

force (Longuet-Higgins and Stewart, 1961; Mellor, 2003; Ardhuin et al., 2008; McWilliams

et al., 2004). The radiation-stress tensor components Sxx, Sxy, and Syy describe nearshore

wave transformations and the associated excess momentum flux. Following Longuet-Higgins

and Stewart (1961), wave setup/setdown arises from a balance between horizontal gradients

of radiation stress and the sea-surface pressure gradient. The corresponding depth-integrated
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wave-induced momentum flux F is included in the momentum equations and is given by the

horizontal divergence of the radiation-stress tensor as in Eq. 2.2.1

4.2.2.5 Sediment motion initiation criteria

The critical shear stress is defined as the bed shear stress at which sediment particles begin to

move, representing the threshold of motion. With increasing stress, sediment particles are ini-

tially entrained from rest and subsequently undergo three distinct modes of transport: bedload,

suspended load, and sheet-flow (Li and Amos (2001)), only first two of which are considered

here. Bedload transport is initiated based on the following criteria in a form obtained by fitting

the Shields curve proposed in Soulsby and Whitehouse (1997):

θcr,b =
0.30

1+1.2 · d∗
+0.055[1− exp(−0.020 · d∗)] (4.2.10)

u∗
cr,b =

√
θcr,b · (s− 1)gd50 (4.2.11)

d∗ = d50

[
g(s− 1)

ν2

]1/3
(4.2.12)

where θcr,b is the critical Shields parameter for bedload transport initiation, u∗
cr,b is the corre-

sponding critical shear velocity, s=
ρs
ρw

is the relative density of sediments (ρs) to the fluid

(ρw), and d∗ is a dimensionless grain size parameter. The relationship between shear stresses

and shear velocities is expressed as τ = ρwu
∗, therefore, the corresponding critical stress for

the bedload transport initiation for Eq. 4.2.11 is τcr,b. This threshold is then calibrated using

the slope effect at inclinded beds, which induces or restricts the movement computed as per

Soulsby (1997):

α =
cos(ϕ)sin(θ)+

√
cos2(θ)tan2(β)− sin2(ϕ)sin2(θ)

tan(β)
(4.2.13)

where θ is bed slope angle, ϕ is an angle between slope aspect and transport direction, and β is

the angle of repose. The settling velocity for non-cohesive sediment particles is computed based
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on average sediment grain sizes (d50) and kinematic viscosity of the fluid (ν), as formulated

below (Tassi et al., 2023; Clare et al., 2021; Soulsby, 1997):

ws =



g · d250
18 · ν

· (s− 1) if d50 < 0.0001 m

10 ·
(

ν

d50

)
·

(√
1+0.01 · (s− 1) · g · d350

ν2
− 1

)
if 0.0001≤ d50 < 0.001 m

1.1 ·
√
(s− 1) · g · d50 otherwise

(4.2.14)

However, such formulation is piecewise and discontinuous. Another, universal settling velocity

proposed by Ferguson and Church (2004) is adopted, which estimates the fall velocity of sedi-

ment particles across a wide range of sizes and flow regimes, transitioning between the laminar

and turbulent settling regimes:

ws =
(s− 1)gd250

C1ν +
√
0.75C2(s− 1)gd350

(4.2.15)

For smooth, spherical particles, Ferguson and Church (2004) recommend C1 = 18 and C2 =

0.4 coefficients, for natural, irregularly shaped grains, values of C1 between 20− 24 and C2

between 1.0− 1.2 are suggested to account for increased drag due to shape irregularities.

The following criteria represents the threshold for resuspention of the sediments off the bed.

Sediments are resuspended according to Van Rijn (1993) Sields criteria with the dependency on

settling velocity (Eqs. 4.2.14, 4.2.15):

θcr,s =


16

d2∗

w2
s

(s− 1)g d50
, 1< d∗ ≤ 10,

0.16
w2

s

(s− 1)g d50
, d∗ > 10,

(4.2.16)

u∗
cr,s = 5.75log

12h

ks

√
θcr,s(s− 1)gd50 (4.2.17)

where u∗
cr,s is the critical shear velocity for initiation of resuspension. This concludes the com-

putation of thresholds for distiguishing between the sediment motion regimes.
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4.2.2.6 Bed roughness

The total roughness of the seabed is induced by sediment grains, small-scale bedform or ripples,

and dunes (Julien (2010)). Bedform represent roughness elements for wave- and current-driven

flows, controlling to a large degree the structure of the boundary layer (Grant and Madsen

(1986)). There are different bedform parameterizations depending on main flow characteristics,

which are summarised by Julien (2010). Here we adopt the formulations of Van Rijn (2007),

where the combined wave-current flow regime is accounted for and the bedform is parameter-

ized as a function of the dimensionless mobility parameter, Ψ:

Ψ=
u2
wc

(s− 1)g d50
, (4.2.18)

where u2
wc = u2

c +u2
w,rms +2ucuw,rms cosϕ with uw,rms = ub/

√
2, and ϕ is the phase angle, or

an angle between wave and current vectors, |θw − θc| rad. The skin roughness and short-wave

ripple roughness heights are expressed as:

ks = 2.5d50 (4.2.19)

ks,r = fcs d50
[
85− 65 tanh

(
0.015(Ψ− 150)

)]
(4.2.20)

where fcs =min
(
1, (0.25dgravel/d50)

1.5
)

is a correction factor which accounts for the reduction

of ripple roughness on coarser sediment beds. The megaripples and dunes are modulated by the

fine-sand factor ffs =min
(
1,d50/(1.5dsand)

)
, with dsand = 0.062mm, and predicted as follows:

ks,mr = 2× 10−5ffsh(1− e−0.05Ψ)(550−Ψ) (4.2.21)

ks,d = 8× 10−5ffsh(1− e−0.02Ψ)(600−Ψ) (4.2.22)

All components combine by quadratic summation (Tassi and Villaret, 2014; Soulsby, 1997;

Julien, 2010) to yield the effective total roughness height:

ks,tot = ks+
√

k2
s,r + k2

s,mr + k2
s,d (4.2.23)
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Finally, the apparent roughness height is a function of the total bedform roughness and increases

exponentially with the product of the amplification factor, γ, that depends on the angle between

currents and waves (Van Rijn (1984)), γ = 0.8+ϕ−0.3ϕ2, and the ratio of wave orbital velocity

ub to an ambient velocity ua:

ka = ks,tot · eγ ub/ua (4.2.24)

The Nikuradse roughness length is then defined as

z0 =
ka
30

(4.2.25)

4.2.2.7 Bottom friction

The sediment motion is initialised when the critical thresholds described in Section 4.2.2.5 are

surpassed. The wave action and the bottom flow veloctiy induce stresses at the seafloor that may

exceed these thresholds and instigate the morphological changes. The maximum stress due to

isolated wave action, τw, can be expressed as:

τw = 0.5ρwfwu
2
b (4.2.26)

where fw is the wave friction factor that can be computed for all flow regimes (Aw/ka) as

suggested by Soulsby (1997):

fw = 0.237(Aw/ks)
−0.52 (4.2.27)

where T is wave period, Aw = ub/ω - wave excursion, ω = 2π/T - wave angular frequency.

Nielsen (1992) proposed universal formulation for fully developed turbulent flow regime for

known Nikuradse roughness as:

fw = e

[
5.5(Aw/ks)−0.2−6.3

]
(4.2.28)

This formulation is shown to be more stable throughout different experimental domains of this

work, and thus is adopted here. The currents induced friction factor, fc, is given by Van Rijn



4.2 METHODOLOGY 118

(1984) and reads:

fc = 0.24
[
log10(12h/ks)

]−2 (4.2.29)

The combined friction factor is typically solved numerically following Grant and Madsen

(1979), however, it can also be approximated as suggested in Van Rijn (2007):

fwc =
√

αff 2
c +(1−αf )f 2

w (4.2.30)

where αf = uc/(uc +ub) is relative strength of wave versus current forcing. The Grant and

Madsen (1979) formulation is computationally more expensive, but it is expected to be more

accurate, and is used for the idealized test cases in this work, whereas the latter one is more

robust and is used for the complex coastal domain.

4.2.2.8 Shear velocity computation

Under the assumption of a fully developed turbulent boundary layer, the friction (shear) velocity

due to a steady current is obtained directly from the logarithmic ’law of the wall’. Thus, the

velocity field at elevation z above the seabed reads:

u∗
c = κ

u(z)

ln
(
z/z0

) (4.2.31)

where κ is the von Kármán constant, and z0 is the roughness length. For purely oscillatory

wave-induced motion of amplitude ub, the shear velocity can be expressed using the computed

wave friction factor fw as:

u∗
w =

√
0.5fw u2

b (4.2.32)

Under combined wave-current forcing, the total shear velocity is given by the vector-sum of

current-only and wave-only stresses, with ϕ the phase angle between them (Grant and Madsen,

1979):

u∗
cw =

√(
u∗
c

)2
+
(
u∗
w

)2
+2u∗

cu
∗
w cosϕ (4.2.33)
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Finally, adapting the same logarithmic form over the wave–current boundary-layer thickness,

δcw, the ambient near-bed velocity ua is obtained as follows:

ua =
u∗
cw

κ
ln

(
δcw
ka

)
(4.2.34)

δcw =
2κu∗

cw

ω
(4.2.35)

4.2.2.9 Vertical sediment-mixing coefficient

Under the GOTM-based (Burchard and Petersen, 1999a) turbulence closure (k− ϵ model), the

eddy diffusivity for suspended sediment at each vertical level is obtained by scaling the eddy vis-

cosity ν(z) with a settling-velocity-dependent dimensionless mixing ratio β (Van Rijn, 1993):

β = 1+2
( ws

u∗
cw

)2
(4.2.36)

where the term (ws/u
∗
cw)

2 represents the relevant strength between downward settling and up-

ward turbulent diffusion, with larger ws relative to near-bed shear, resulting in stronger deviation

from passive mixing. The resulting sediment diffusivity profile, εs(z), then follows directly:

εs(z) = β ν(z) (4.2.37)

4.2.2.10 Bedload transport

The interaction at the wave-current boundary layer enhances turbulence and bed shear stress

compared to currents or waves acting alone. The following intra-wave quasi-steady model

(Van Rijn, 1993; Neumeier et al., 2008) computes the sediment transport rate at discrete time

steps within a single wave cycle, driven by the instantaneous combined wave-current effective

shear stress. The net transport over the wave period is then obtained by time-averaging these

instantaneous rates. This method captures the potential effects of wave asymmetry and phase

lags between velocity, shear stress, and sediment response. The instantaneous bedload transport
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rate, qb,t, used in this work (Van Rijn (2007)), reads:

qb,t = γρsfsiltd50d
−0.3
∗

√
τb,cw(t)

ρw

[
τb,cw(t)− τb,cr

τb,cr

]η
(4.2.38)

where the instantaneous combined shear stress magnitude is obtained as:

τb,cw(t) =
√

τ 2c + τ 2w sin
2(ωt)+ 2τcτw sin(ωt)cosϕ (4.2.39)

Then qb,t is integrated over the subintervals (crest and through phases) of the wave period

(Neumeier et al. (2008)) to yield the mean bedload transport rate, qb, or continuously over the

whole period (Van Rijn (2007)) whenever the induced shear stresses exceed the thresholds, with

latter one being adopted in the present study. In river channels due to meandering nature and an

evolving bed slope, the bedload transport needs to be corrected for the transport magnitude de-

pending on the positive or negative gradients. The formulation in Eq. 4.2.13 is based on Shields

criteria and is valid only for the threshold bedload initiation as detailed in Tassi et al. (2023). To

adjust the bedload transport rate, the formulation of Koch and Flokstra (1980) is used, which is

based on a factor that acts as a diffusion term (Clare et al., 2021; Tassi et al., 2023):

q∗b = qb

(
1−Y

∂ζ

∂s

)
(4.2.40)

where Y is an empirical coefficient similar to Sisyphe model in Tassi and Villaret (2014), and s

being the direction tangential to the flow:

s=

(
∂ζ

∂x
cosα+

∂ζ

∂y
sinα

)
(4.2.41)

The angle α will deviate from that of the shear stress due to the bed slope and helical flow

effects necessitating further corrections (Struiksma et al., 1985; Talmon et al., 1995):

tanα =
sinξ− 1

β2

√
θ

∂ζ
∂y

cosξ− 1
β2

√
θ

∂ζ
∂x

(4.2.42)



4.2 METHODOLOGY 121

with δ representing the original angle between sediment transport and flow direction, and θ -

the Shields parameter. To account for the secondary currents in two-dimensional models, due

to missalined bed shear stress and sediment slope directions, the δ angle is further adjusted

following Engelund (1974):

tan δ̃ =
A

rs
h (4.2.43)

With the depth-averaged velocity components (u, v) and a spiral flow coefficient A= 7, the

local radius of curvature, rs, is defined as (Clare et al., 2021):

rs =
α′(u2+ v2)

g ∂η
∂n

(4.2.44)

where n - the direction normal to the current, and α′ ∈ [0.75,1.0] - a coefficient that depends on

bed roughness.

4.2.2.11 Rouse concentration profile

Suspended sediment transport is computed by first determining the hydrodynamic forcing (bed

and near-bed stresses, velocity profiles), then estimating the bed-available reference concen-

tration (C0), deriving the vertical concentration distribution (C(z)), and finally integrating the

advective flux (u(z) ·C(z)) over the water column. To resolve strong near-bed gradients we

discretize the vertical domain with a power-law stretched grid that concentrates levels close to

the bed:

zi = h

(
i

N

)p

(4.2.45)

p=
ln
(
zmin/h

)
ln
(
1/N

) (4.2.46)

so that z(1)≈ zmin = 0.01m, h - water depth, and the grid spacing increases with height. Using

the logarithmic law-of-the-wall for the outer (current-dominated) layer and a two-layer adjust-

ment to represent the wave-currents boundary layer (δcw), the mean velocity profile is taken
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piecewise as

u(z) =


u∗
cw

κ
ln
(

z
z0

)
if z ≤ δcw,

u∗
c

κ
ln
(

z
z0c

)
if z > δcw

(4.2.47)

where u∗
cw is the combined wave–current shear velocity in the inner layer, u∗

c is the current-

only shear velocity in the outer layer, z0 is the bed roughness, and z0c is the apparent roughness

length computed using Eq. 4.2.24. The near-bed reference concentration (C0) is computed using

the empirical relation of Zyserman and Fredsøe (1994) with the critical Shields parameter θcr

for incipient motion on dimensionless grain size (d∗) (Soulsby (1997)). Near-bed reference

concentration (C0) is then:

C0 =
0.331(θ′ − θcr)

1.75

1+0.720(θ′− θcr)1.75
for θ′ > θcr (4.2.48)

and C0 = 0 if θ′ ≤ θcr, where θ′ denotes the Shields parameter based on the relevant skin (near-

bed) shear stress τ ′ and (Zyserman and Fredsøe, 1994; Soulsby, 1997). The suspended sediment

concentration profile is assumed to follow a Rouse-type distribution in the near-bed region

(Rouse, 1937), where for the combined wave–current profile we adopt:

C(z) =

C0

(
z

s,tot

)−βfws/(κu∗
cw)

if z ≤ δcw

C(δcw)
(

z
δcw

)−βfws/(κu∗
c)

if z > δcw

(4.2.49)

βf = 1+2(ws/u
∗
cw/c)

2 (4.2.50)

where βf is a correction factor described in Van Rijn (1984), similar to Eq. 4.2.50, depending

on the flow conditions (combined / c-only / w-only). The depth-integrated suspended sediment

transport within the near-bed layer is then computed as:

Qs =

hbed∫
ks,tot

u(z)C(z)dz (4.2.51)
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where hbed denotes the thickness of the bottom computational layer in the discretized domain,

within which the Rouse profile is assumed to be valid. To improve accuracy in highly stratified

velocity and concentration profiles, the Simpson’s rule is used with a trapezoidal fallback for

the odd number of intervals.

Qs =
N−3∑
i=1

i mod 2=1

hi

6
(ui−1ci−1+4uici +ui+1ci+1)

hN−1

2

(
uN−1CN−1+uN CN

)
(4.2.52)

Cs =
N−3∑
i=1

i mod 2=1

hi

6
(ci−1 +4ci+ ci+1)

hN−1

2

(
CN−1+CN

)
, (4.2.53)

where hi = zi+1 − zi−1, hN−1 = zN − zN−1 with the second component under summation as a

trapezoid on last layer for odd number of intervals. Finally, the near-bed depth-averaged sus-

pended sediment concentration (C̄) is computed by dividing the total suspended amount at last

layer (Cs) by the integration depth (bottom layer thickness) (D) as C̄ = Cs/D.

4.3 Experiments

The following sections apply the developed STM model to a set of idealized test cases designed

to validate its formulation and evaluate its performance under varying conditions. The model is

then extended to a realistic coastal setting to illustrate its effectiveness in simulating sediment

dynamics in natural environments.

4.3.1 Tidal inlet

We set up the idealized tidal inlet test case following the work of Warner et al. (2008), who con-

ducted one- and two-way coupled wave-current experiments (ROMS-SWAN) including sedi-

ment transport. ROMS (Shchepetkin and McWilliams, 2005) and SWAN (Booij et al., 1996)
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are widely used, community-developed, state-of-the-art circulation and wave models, respec-

tively. The same test case was later adapted by Wu et al. (2011) for the unstructured-grid FV-

COM finite volume coastal model (Chen et al., 2012). The latter study demonstrated the value

of unstructured grids for resolving inlet dynamics, similar to the domain discretization applied

in the SHYFEM-MPI model. In particular, velocity fields from such experiments are essential

for assessing flow diffusivity.

4.3.1.1 Inlet domain and model set-up

The computational domain consists of a rectangular basin, 15 km wide and 14 km long, with

an initial uniform depth of 4 m inside the lagoon and a sloping bed up to 15 m at the northern

half (Figure 4.3.1). The northern side serves as the open boundary (OB), corresponding to the

deepest section of the sloping bed. A no-slip condition is imposed on the remaining boundaries.

Along the center of the domain is a wall with a centered 2km wide inlet. The model is forced by

the semi-diurnal tidal signal at the open boundary with the amplitude of 1m. Waves are imposed

on the OB with a wave height of 1m, directed to the south with a period of 10s. The model is

run for 48 hours as in the original experiments. Table 4.3.1 summarizes the main parameters

used in the tidal inlet test case.

The numerical model was set-up with the TVD limiting vertical advection scheme, the GOTM

turbulence closure, and the quadratic bottom friction formulation. The bottom roughness was

set to a fixed 0.015 m height, as in the original experiment, similarly with the wave porosity

and settling velocity constants. To reconstruct the 3D model, in order to capture the suspended

sediment profiles, we used 2 vertical layers, with the first layer at 1.3 m depth and the sec-

ond spanning through the rest of the water column. Validating sediment transport models is

challenging due to the complexity and numerous parameterizations involved in approximating

underlying physical processes in a highly dynamic environment. Thus, we focus on comparing

the results with the original works of Warner et al. (2008) and Wu et al. (2011), with a qualita-
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Figure 4.3.1. Tidal inlet domain with top-down look at the bathymetry map (a), and a profile along A-B transect (b). Arrows

indicate the flow forcing direction, characterised by the tidal and wave forcing at the open boundary.

tive assessment of the morphological changes at the inlet, the velocity and sea surface elevation

fields.

4.3.1.2 Inlet test results and inter-model comparison

The results of the simulation are shown in Figure 4.3.2, corresponding to 48 hours of simula-

tion. The model captures the shear stresses imposed by the hydrodynamic forcing, driving the

bedload and suspended load transport, effectively resulting in the morphological changes at the

inlet. The comparison with the Warner et al. (2008) results illustrate similar patterns of bed
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Table 4.3.1. Model parameters for tidal inlet test case.

Model parameter Variable Value

Bottom roughness zb 0.015 m

Time step dt Adaptive

Simulation time ts 48h (2 days)

Morphology factor m 10

Settling velocity ws 11.0 mm s−1

Porosity ρ′ 0.50

Semi-diurnal tides amplitude A 1.0 m

Wave height Hs 1.0 m

Wave period T 10 s

Wave direction θ From 0 ◦N

Figure 4.3.2. Bed evolution (ζ) comparison between SHYFEM-MPI (left) and ROMS (right) adapted from Warner et al. (2008).

The dashed frames indicate similar erosion and deposition patterns corresponding between the two models.

evolution (depicted by arrows) with pronounced erosion along the central channel and deposi-

tion on either flank of the inlet. Radial erosion at the inlet mouth and semi-circular deposition

within the inner basin are also evident, indicating lateral sediment redistribution. Comparable

bed evolution patterns were also reported by Wu et al. (2011) for similarly forced inlet systems.
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A qualitative comparison with the results from Wu et al. (2011), who applied the unstructured-

grid FVCOM model to the same test case, is illustrated in Figure 4.3.3 for the currents and

sea surface elevation to depict the impact on hydrodynamics regime, due to the morphological

changes at tidal ebb (1st row) and flood (2nd row) phases. The color bar ranges for η were

capped to match the original work. During the flood tide, the hydrodynamic patterns show

strong qualitative agreement. Key features, such as the sea surface elevation and the formation

of eddies, both inside the lagoon and along the exterior of the inlet walls, correspond well with

the FVCOM results (indicated by arrows). SHYFEM-MPI captures similar hydrostatic setup

and setdown across the inlet throat. These localized anomalies in free-surface height arise from

the combined influence of the tidal pressure field and spatial gradients in wave radiation stresses

introduced through the coupled wave–current momentum fluxes. The resultant setdown on the

lagoon side and setup on the sloping side (north) reflect the redistribution of wave-induced mo-

mentum and the associated modification of the quasi-hydrostatic balance within the inlet, con-

sistent with the mechanisms discussed for an inlet domain in Chapter 2 (Causio et al. (2025)). A

similar correspondence is observed for the external eddies during the ebb tide. However, a dis-

crepancy is noted within the lagoon during the ebb phase, where SHYFEM-MPI predicts eddy

formations that are absent in the FVCOM simulation. This mismatch most likely arises from

differences in numerical diffusion between the models: SHYFEM’s finite-element discretiza-

tion retains smaller-scale vorticity, whereas FVCOM’s finite-volume scheme introduces greater

numerical dissipation, leading to smoother flow fields and suppressed eddy activity.

For a quantitative inter-model comparison, the SHYFEM-MPI results were benchmarked

against the Thetis ocean model (Kärnä et al., 2018), which utilizes a discontinuous Galerkin

finite element scheme. To ensure a robust comparison, the models were configured with iden-

tical setups. Both simulations used the same unstructured grid and were forced by a semi-

diurnal tidal signal with a 4-hour smooth ramp-up period. Key physical parameterizations were

also harmonized, including the adoption of a quadratic drag coefficient for bottom friction and
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Figure 4.3.3. Ebb and flood tide phases: sea surface elevation (η) and current vectors u comparisons between SHYFEM-MPI

(right) and FVCOM (left) adapted from Wu et al. (2011). The dashed boxes indicate eddy formations corresponding between

the two models.

equivalent horizontal viscosity values. The results are shown in Figure 4.3.4 for the velocity

field, suspended sediment concentration, bed elevation, and sea surface elevation. Both models

demonstrate a strong agreement in simulating the hydrodynamics and sediment transport fields.

The velocity fields (first column) capture the formation of a strong flood jet entering the lagoon,

with the lateral eddies on the northern side. The high correlation coefficient (r = 0.96) in the dif-

ference plot attests to the similarity in flow patterns, with a low RMSE of 0.03 m/s and a bias of

0.006 m/s. Although, the effects of the discontinuous Galerkin scheme in Thetis are evident near

the inlet walls, where the velocity gradients are sharper with the formation of stronger eddies,
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Figure 4.3.4. Thetis model comparison: velocity field (U), suspended sediment concentration (Cs), bed elevation (ζ), and sea

surface elevation (η). The last row provides differences between the two models and the statistical metrics.

as seen in blue on the difference plot. Similarly, both models capture the jet-driven SSC profiles

(second column) with a high correlation (r = 0.92). A distinct plume of suspended sediment is

shown originating from the inlet, where high bed shear stress entrains sediments, which are then

advected into the basin. The morphological discrepancies (third column) are slightly more pro-

nounced between the two models, as previously noted, due to differences in numerical schemes.

This is particularly evident near the eastern inlet wall, where Thetis predicts a deposition lobe

that is absent in SHYFEM-MPI, which contributes to the lower correlation (r = 0.84). This ef-
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fect at the inlet wall can be effectively mitigated by increasing the grid resolution around the

inlet area. Nevertheless, the overall patterns remain similar and resemble the inlet bed evolution

described by Warner et al. (2008) and Wu et al. (2011), with the characteristic radial and flank

erosion–deposition forms discussed earlier. The sea surface elevation fields (fourth column) are

in good agreement, with a high correlation (r = 0.91), particularly within the lagoon with a

maximum difference of <1 cm. The discrepancies are more pronounced outside the lagoon over

the sloping bathymetry, where SHYFEM-MPI predicts a slightly higher setup, with the overall

RMSE of 0.02 m and a bias of 0.01 m.

Figure 4.3.5 illustrates the temporal evolution of suspended sediment concentration (SSC)

and bed morphology along the main inlet transect (see Figure 4.3.1). The snapshots are shown

for the initial phase, the first 10h (top row), and the final phase (bottom row, from 38h to 48h)

of the simulation. The transport dynamics are tightly coupled to the semi-diurnal tidal cycle,

which is driven by the pressure gradient between the open boundary and the lagoon. During the

flood tide, the higher water level at the open boundary drives flow into the lagoon (e.g. at 15m,

10h, 45h). This generates high bed shear stresses at the inlet, entraining sediment and advecting

them into the basin. As the flow decelerates within the lagoon, and the free surface equilibrium

is reached, sediment is deposited, contributing to the formation of a flood-tidal delta (e.g. 2.5h

and 48h). Conversely, during the ebb tide (e.g., t= 5h and t= 38h), the hydraulic gradient

reverses, and flow is directed out of the lagoon. This process scours the bed on the lagoon side

of the inlet and ejects a sediment plume offshore, leading to the development of an ebb-tidal

delta (t= 42.5h). Over multiple tidal cycles, this alternating transport results in the progressive

erosion of the inlet crest and the growth of depositional features on both the lagoon and seaward

sides, as seen in the evolution from the initial (dashed line) to the final (solid line) bed profile.

The concentration of SSC is highest during peak ebb and flood flows, confirming that sediment

mobilization is directly linked to the periods of maximum hydrodynamic forcing.
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Figure 4.3.5. Suspended sediment concentration (SSC) profiles at along the A-B transect (see Figure 4.3.1). The blue dash-

dotted line indicates the free surface elevation. The solid black line indicates the evolved bed elevation at an indicated hour, and

the dashed black line the initial bed elevation for the reference.

As configured in Section 4.2.2.3 to include feedbacks between hydrodynamics and morpho-

dynamics, the model reveals the effects of morphological changes (∂ζ/∂t) on sea surface eleva-

tion and currents, as shown in Figure 4.3.6. We run two 48 hour simulations in SHYFEM-MPI

with and without the feedback loop, and compare the two experiments at the ebb (left) and flood

(right) tides. This feedback mechanism, where the morphodynamics module updates the bed el-

evation at each internal timestep subsequently solving the hydrodynamics, ensures a seamless

and a hard-coupled interaction between the two processes, allowing for a continuous and dy-

namic exchange of information that captures the evolving system behavior. The variation in η is

on the order of 10−3 m, reaching 5 mm during the ebb and flood tides. The impact on the free-

surface elevation is most pronounced around areas of bed deformation, indicating a stronger



4.3 EXPERIMENTS 132

Figure 4.3.6. Sea surface elevation (η) differences between the two experiments with and without feedback from morphody-

namics at ebb (left) and flood (right) tides, given by the bed elevation change (∂ζ/∂t) component in Eq. 4.2.8.

influence on the lagoon side of the inlet during flood tide, where the elevation remains consis-

tently higher. Although the differences are small, they reflect the dynamic interaction between

the evolving bed and the hydrodynamics, which can amplify coastal impacts and potentially

lead to higher local erosion rates or flooding risks over extended timescales.

4.3.2 River channel

To evaluate the model’s performance in a purely current-driven fluvial environment, we sim-

ulate morphodynamic evolution in an idealized river meander, following the experiments of

Yen and Lee (1995). Due to the sea-level–referenced free surface formulation of SHYFEM-

MPI, this test case is intended as a qualitative, process-oriented benchmark focusing on ero-

sion–deposition patterns and secondary flow effects, rather than a fully quantitative reproduc-

tion of laboratory water levels and bed evolution amplitudes. River meanders represent one of

the most fundamental forms of alluvial morphology, characterized by alternating bends that in-

duce secondary circulation and complex patterns of sediment transport. The spatial distribution



4.3 EXPERIMENTS 133

of shear stress and velocity within a bend typically leads to sediment deposition along the inner

bank, where flow velocities and bed shear stresses are relatively low, and to pronounced ero-

sion along the outer bank, where flow acceleration enhances sediment entrainment (Tassi et al.,

2023). The continuous interaction between these depositional and erosional processes governs

channel migration and meander evolution over time. A correct representation of flow curvature

effects and sediment feedbacks is crucial, especially when extending model applications to the

river-estuary-coastal continuum. Recent work by Clare et al. (2021) successfully reproduced the

Yen and Lee (1995) experiments using the Thetis model, demonstrating the ability of a depth-

averaged hydrodynamic-sediment transport framework to capture the essential morphodynamic

features of a meandering channel. Building upon this, the present study aims to replicate the

same benchmark scenario with the SHYFEM-MPI model, in order to evaluate its capacity to

reproduce the characteristic erosion and deposition zones within a river bend.

4.3.2.1 River domain and model set-up

Figure 4.3.7 shows the computational domain, with a few results from the laboratory experi-

ments, to illustrate the typical erosion and deposition patterns in a river bend. Following similar

set-up as in Clare et al. (2021), and an identical domain and grid resolution of 0.1 m, we run

the SHYFEM-MPI model for 5 h, with an influx rate of 0.02 m3/s linearly growing through

t= 100 m, reaching the maximum rate of 0.053 m3/s, and then decreasing to 0.02 m3/s to-

ward t= 5 h. The water depth is set to vary from approx. 0.05m to 0.1m. The complete set of

parameters is summarized in Table 4.3.2.

4.3.2.2 River results and inter-model comparison

Figure 4.3.8 presents the spatial distribution of the scaled bed elevation changes (∆ζ/ζ) at

the end of the simulation for both Thetis (left) and SHYFEM-MPI (right). The color scale

represents the normalized morphological evolution, where positive values indicate sediment
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Figure 4.3.7. River bend domain with the arrow indicating the flow direction. On the right side are a few experimental (a,b,c)

results of Yen and Lee (1995), showing the erosion and deposition patterns, in terms of scaled bed elevation changes (∆ζ/ζ).

deposition and negative values denote erosion. Both models reproduce the characteristic mor-

phological signature of a meandering channel, sediment deposition along the inner (concave)

bank, and erosion concentrated on the outer (convex) bank of the bend. These patterns arise

from the curvature-induced secondary flow that develops within the bend, generating a helical

motion that transports high-momentum near-surface flow toward the outer bank while direct-

ing near-bed sediment toward the inner bank. The resulting imbalance in bed shear stress and

sediment transport rate gives rise to distinct zones of lateral erosion and deposition that shape

the overall meander morphology. The SHYFEM-MPI results exhibit a coherent reproduction of

these expected morphodynamic trends, showing a clear depositional zone at the inner bank and

an erosional front along the outer curvature, in good qualitative agreement with the Thetis sim-
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Table 4.3.2. Parameter values for the meander test case. Source: Clare et al. (2021).

Variable name Value

Channel width 1 m

Inner radius 3.5 m

Outer radius 4.5 m

Straight reach at channel ends 11.5 m

Morphological simulation time 5 h

Depth ≈ 0.05 - 0.1 m

Median particle size (d50) 1× 10−3 m

Sediment density (ρs) 2650 kg m−3

Water density (ρf ) 1000 kg m−3

Kinematic viscosity (ν) 0.01 m2 s−1

Bed sediment porosity (p′) 0.4

Longitudinal bed slope 0.0035 m

Figure 4.3.8. Scaled bed elevation changes (∆ζ/ζ) with the slope and secondary currents corrections at t= 5 h of the simula-

tion for the Thetis (left) and SHYFEM-MPI (right) models.

ulation and with the laboratory observations of Yen and Lee (1995). However, the amplitude of

bed level changes is comparatively lower in SHYFEM-MPI than in Thetis, likely due to differ-

ences in bed friction factorization; quantitatively, this is reflected in a narrower range of scaled

elevation changes, indicating that SHYFEM-MPI underestimates both erosion and deposition
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magnitudes. This discrepancy also stems from the sensitivity of sediment transport dynamics to

longitudinal bed slope and free-surface elevation adjustments, as noted by Clare et al. (2021).

Accurately reproducing such fine-scale experimental results requires careful calibration and

fine-tuning of these parameters, which lies beyond the scope of the present benchmark analysis.

In Figure 4.3.9, we illustrate the effect of including the secondary flow correction terms, rep-

resented by Eqs. 4.2.42, 4.2.43, 4.2.44, on morphological evolution, by running two simulations

without (a) and with (b) the secondary flow effects. The comparison clearly demonstrates that

Figure 4.3.9. Scaled bed elevation changes (∆ζ/ζ) at the end of the simulation without (a) and with (b) secondary flow effects.

Right panel shows the results of Thetis model and the left panel the SHYFEM-MPI results.

incorporating secondary flow effects significantly enhances the realism of the morphodynamic

response within the meander bend. Without the inclusion of the helical flow (panel a), both

Thetis (left) and SHYFEM-MPI (right) models predict a pattern of bed level change with ero-

sion and deposition confined to a narrow band near, reflecting the dominance of the primary

flow field, where lateral momentum exchange is insufficient to generate the transverse sedi-

ment redistribution typically observed in natural curved channels. When the secondary flow

parameterization is activated (panel b), the morphodynamic pattern becomes asymmetric, with

a distinct lateral separation between erosional and depositional zones, where the outer bank
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experiences enhanced erosion, while deposition intensifies along the inner bank. This mecha-

nism redirects near-bed sediment toward the inner bank and deepens the outer-bank scour. As

observed earlier, the magnitudes of bed level changes remain lower in SHYFEM-MPI com-

pared to Thetis, that can be further mitigated through model calibration, such as longitudinal

bed slope and adjusting the morphological factor, as well as the grid resolution to account for

the difference that can emerge due to the different numerical schemes used in the two models.

The apparent oscillations visible in the SHYFEM-MPI bed elevation field (Figure 4.3.8,

right) reflect a combination of physical and numerical factors. Primarily, the reduced magni-

tude of predicted bed evolution in SHYFEM-MPI compared to Thetis compresses the dynamic

range, amplifying the visibility of small-scale perturbations in the color scaling. Additionally,

the two models employ distinct velocity discretizations, SHYFEM-MPI uses piecewise constant

(P0) elements for the velocity field, whereas Thetis employs piecewise linear (P1) basis func-

tions. This higher-order spatial representation in Thetis produces smoother velocity gradients

and consequently smoother morphodynamic response within each element. These differences

in numerical approximation are not deficiencies but reflect inherent trade-offs between compu-

tational efficiency (P0) and spatial smoothness (P1).

Despite the quantitative differences, the overall morphodynamic patterns predicted by the

implemented model exhibit high similarity with both the Thetis model and the experimental

results. The accurate reproduction of the characteristic depositional and erosional zones indi-

cates that the model successfully captures the key feedbacks between flow curvature, secondary

circulation, and sediment redistribution that control meander evolution.

4.3.3 Fiumicino case study

To assess the development on a realistic coastal environment, we construct case study for the

Fiumicino coastline, where the Tiber River discharges into the Tyrrhenian Sea, Italy. This area is

characterized by a complex interplay of tidal, wave and riverine processes. The hydrodynamics
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of the region were recently investigated by Bonamano et al. (2024) using the SHYFEM-MPI

model, with emphasis on the river-coast-ocean continuum, and the impact of river discharge in

modulating nearshore circulation. Fiumicino coastal region is particularly well suited for model

testing and validation due to the availability of extensive observational datasets, including both

in-situ monitoring and high-resolution satellite remote sensing products. These datasets allow

for a calibrated set-up of the numerical simulations and a quantitative assessment of model

performance, especially in reproducing suspended sediment concentration patterns governed

by a wave-current-river combined action.

4.3.3.1 Data collection and processing

The morphodynamic setting is controlled by variable river discharge and sediment supply from

the Tiber, a predominantly southwesterly to westerly (SW–W) wave climate with episodic en-

ergetic storm events (Shirinov et al., 2025), and local coastal circulation processes that drive

sediment transport alongshore and offshore (Iacono et al., 2021; Astraldi and Gasparini, 1994).

The river discharge data is obtained from the Ripetta gauging station, located 38 km upstream

of the river mouth for the entire period of simulation. It should be noted that the discharge time

series were not shifted to account for flood-wave travel time between the Ripetta station and the

river mouth. While this reach is hydrologically active and receives lateral water and sediment

inputs, spectral and cross-correlation analyses did not reveal a consistent, event-independent

phase lag in the discharge signal. Consequently, to avoid introducing ad hoc timing adjust-

ments, the forcing was applied without a fixed temporal shift, as propagation effects could not

be resolved at the temporal resolution of the available data.

To characterize sediment properties near and downstream of the river mouth, we employed

satellite-derived estimates of suspended particulate matter and grain-size distributions (GSD).

Sentinel-2 imagery was processed using the C2RCC (Case-2 Regional CoastColour) algorithm

(Soriano-González et al., 2022), which applies atmospheric and water-column corrections to
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retrieve total suspended sediment concentrations from backscattering coefficients. Following

the work of Pitarch et al. (2019), we identify four sediment classes, varying from coarse silt to

coarse sand, with diameters of 0.030, 0.062, 0.093, 0.125 mm and corresponding fractional con-

tributions of 0.10, 0.40, 0.30, 0.20, respectively, discharged from the river mouth. However, the

flocculation processes are not considered in this study, hence, the small silt fractions are treated

as non-cohesive sediments. The SSC at the river delta is computed using quadratic formulation

described in Jung et al. (2020) and depicted in Figure 4.3.10a. The empirical coefficients (c1,

c2, c3) were calibrated against in-situ measurements following Iadanza and Napolitano (2006).

The bed morphology (Figure 4.3.10b) was constrained using field observations and reflects a

Figure 4.3.10. (a) Suspended sediment concentration (SSC), and (b) grain size distribution (GSD) at the Tiber river mouth.

The quadratic formulation used to compute SSC is based on in-situ measurements and is depicted in panel (a), along with

conventionally used power-law formulations for comparison. The panel (b) shows the GSD sampling tracks during field cam-

paings, while the fractions of different sediment classes composing the bed morphology is given in terms of the their sizes and

corresponding averages over the sampling tracks (second box).

distinct sediment composition relative to the riverine input. The fractions of different sediment

classes composing the bed morphology is applied as depicted in the figure (b), although, only

four classes were rebuilt in the simulation, excluding very coarse sand D = 1414.21µm, which

accounts for only 1% of the total bed composition.
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4.3.3.2 Model setup

The domain is discretized using an unstructured grid designed to capture both nearshore and

offshore dynamics, with spatial resolution ranging from approximately 40 m along the coast

and river mouth to 1.8 km in the open sea. Hydrodynamic and wave simulations are forced with

meteorological fields from the ECMWF analysis dataset (Owens and Hewson, 2018), available

at 10 km spatial resolution and 6-hour temporal frequency. Surface meteorological parameters

are corrected along the coastal zone using the sea-over-land adjustment procedure of Kara et al.

(2008) to improve the representation of land–sea gradients. The circulation model is driven by

2 m air temperature, 2 m dew-point temperature, mean sea-level pressure, total precipitation,

and 10 m zonal and meridional wind components. Scalar fields are imposed through clamped

boundary conditions, while velocity components are nudged toward external solutions using a

relaxation time of 3600 s, following the approach described in Section 2.4.

Open lateral boundaries are prescribed using outputs from the CMEMS regional model,

downscaled to 1-hour temporal resolution. The simulation covers a continuous 10-month pe-

riod (1 August 2020 – 1 June 2021) for the available forcing fields, ensuring the inclusion of

seasonal variability in river discharge, wind forcing, and wave climate.

The bathymetry is derived through variational analysis using the DIVAnd tool (Barth et al.

(2014)), combining in-situ radar measurements with background data from the EMODnet Dig-

ital Terrain Model (Consortium, 2016). The error covariance fields are precomputed based on

instrument uncertainty and standard deviation estimates provided by EMODnet. All geospatial

datasets are projected onto the WGS84 horizontal reference system (longitude–latitude) and ref-

erenced to the mean sea level (MSL) vertical datum for consistency across model components.

Figure 4.3.11 illustrates the modelling domain at Tiber river mouth, including the bathymetry

map, and an unstructured grid. Waves are provided offline to the circulation–sediment core

at the frequency of 1h, and linearly interpolated in time to match the circulation model time

step. Wave forcing fields follow the methodology described in Section 4.2. The bed roughness
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Figure 4.3.11. Fiumicino model domain, bathymetry and unstructured grid (top-right framed box). The isobars indicate the

depth.

is computed using a unified formulation for bedform of Van Rijn (2007), and the intra-wave

bedload transport is activated as in Eq. 4.2.38. The universal sediment fall velocity formulation,

Eq. 4.2.15, is used.

4.3.3.3 Validation against satellite-derived suspended sediments

The performance of the sediment transport model was validated against satellite-derived obser-

vations for a high river discharge event on 14 February 2021. Modelled SSC was compared with

Total Suspended Matter (TSM) retrieved from Sentinel-2 imagery using the C2RCC processor.

The comparison, synchronized to the satellite overpass time (10:00h CET), focused on both the

spatial plume morphology and quantitative concentration profiles.
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Figure 4.3.12a presents a side-by-side comparison of the model output and the satellite obser-

vation. A qualitative assessment of the spatial maps (top row) reveals that the model successfully

reproduces the primary features of the sediment dispersal pattern. It correctly identifies the two

distinct river plumes originating from the Fiumara Grande and Fiumara Piccola, capturing the

presence of a nearshore zone of higher concentration north of the Fiumara Piccola, which is at-

tributable to wave-induced sediment resuspension. However, notable discrepancies in the plume

morphology are apparent. The modelled plumes appear narrower and more confined to the near-

field, with steeper concentration gradients, whereas the satellite imagery shows broader, more

diffuse plumes extending further offshore.

A quantitative analysis based on transects extending from each river mouth (Figure 4.3.12,

middle and bottom rows) reveals the differences in SSC distribution between the model and

satellite data. provides further insight. While the model correctly simulates the peak concen-

tration in the immediate vicinity of the river mouths and the general offshore decay trend, a

systematic underestimation of SSC by the model is evident, particularly in the distal regions of

the plumes (beyond 1 km offshore). This is quantitatively confirmed by the negative bias val-

ues for both the Fiumara Grande (BIAS = -0.185 kg/m3) and Fiumara Piccola (BIAS = -0.084

kg/m3) transects. The model exhibits a more rapid decline in concentration compared to the

satellite data, which maintains higher TSM values further from the source.

These discrepancies likely stem from several simplifications within the model’s configura-

tion. A primary contributing factor is the model’s sediment characterization, which does not ac-

count for the cohesive nature of fine-grained sediments (silt and clay). In reality, these particles

can flocculate, altering their settling velocities, or remain in suspension for extended periods

as wash load. The model’s treatment of all sediments as non-cohesive likely leads to excessive

deposition in the near-field and fails to capture the long-distance transport of the finest frac-

tions, resulting in the observed offshore underestimation. In addition, the use of a restricted

number of sediment classes may not adequately represent the full grain-size distribution of the
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Figure 4.3.12. Comparison of modelled and satellite-derived suspended sediment concentration (SSC) on 14 February 2021 at

10:00 (CET). The first row shows the SSC maps near the Tiber river mouth for the model (left) and satellite (right). The second

and third rows show the SSC transect profiles extending from the two river mouths to the offshore area.
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riverine sediment load, further limiting the model’s ability to simulate the differential transport

of various particle sizes. Nevertheless, the model effectively captures the primary dynamics of

sediment dispersal driven by river discharge and wave action.

Figure 4.3.13 displays the vertical structure of the simulated river plumes through cross-

sections of suspended sediments and velocity components along the two transects. The SSC

profiles (top row) clearly show that the sediment is concentrated within the upper 2-4 meters of

the water column. Concentrations are highest near the river mouths and decrease with both depth

and distance offshore. This vertical distribution is characteristic of a hypopycnal plume, where

the buoyant, sediment-laden freshwater discharged by the river flows out over the denser, saline

coastal water (Yankovsky and Chapman, 1997). The resulting density stratification establishes

a sharp pycnocline that inhibits vertical mixing, effectively trapping the suspended sediment in

the surface layer. The velocity profiles provide crucial insight into the plume’s dynamics. The

zonal velocity component (u, middle row) reveals a classic two-layer estuarine circulation. A

strong, seaward-directed outflow is evident in the upper layer (0-4 m deep). Beneath this surface

jet, a weaker, compensating landward flow is established, driven by the baroclinic pressure

gradient. The landward flow is less pronounced in the Fiumara Piccola transect, likely due to

the influence of the extended seaward concrete structure along the plume path, which modifies

the local circulation patterns.

The meridional velocity component (v, bottom row) governs the alongshore transport. The

profiles for both river mouths, particularly Fiumara Grande, show a dominant southward veloc-

ity (negative values). This indicates that upon exiting the river mouth, the plume is immediately

advected by a prevailing southward coastal current, also evident in Figure 4.3.12 (top row), as

plumes tend to divert southward along the coast. However, due to the concrete wall along the

Fiumara Piccola, the surface flow is reflected northward near the mouth.

By combining these velocity components, a comprehensive 3D trajectory emerges: the river

discharge flows offshore as a buoyant jet and is concurrently bent southward. The model, there-
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Figure 4.3.13. Vertical profiles of suspended sediment concentration (SSC) at two locations along the transect lines on 14

February 2021. The second and third rows depict the zonal (U ) and meridional (V ) velocity components.

fore, successfully captures the key hydrodynamic processes controlling the plume’s path, from

its initial vertical stratification to its subsequent offshore and alongshore dispersal.

4.3.3.4 Comparison with the CTD casts

For a more rigorous, multi-seasonal validation, modelled SSC profiles were compared against

in-situ data from CTD casts collected during several field campaigns in various seasons between

Summer 2020 and Spring 2021. The results, presented in Figure 4.3.14, reveal a pronounced

spatial bias in the model’s performance. A consistent overestimation of SSC is observed at

nearshore stations, located in the direct vicinity of the river mouths. This discrepancy is likely

a direct consequence of the model’s boundary conditions. The river discharge and sediment
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Figure 4.3.14. Comparison of modelled and measured suspended sediment concentration (SSC) profiles from CTD casts at

various stations. The map illustrates the spacial distribution of CTD stations (left), with the modelled and measured SSC values

indicated by the color scale, and summarised in the annotation boxes. The vertical profiles of SSC (right) compare the model

(red) with CTD measurements (blue) at each corresponding station. The statistical metrics are provided for each station.

load were prescribed using data from the Ripietta gauging station, situated 38 km upstream.

This approach neglects the significant sediment deposition and trapping (estimated from the

discharge rates) that naturally occurs within the lower reaches and estuary of the river system,

leading to an artificially inflated sediment flux being introduced into the coastal model at the

river mouths. Conversely, and in agreement with the satellite data comparison, the model tends

to underestimate SSC at stations further offshore across the seasons. This highlights the model’s

limitations in simulating the far-field plume. The primary reasons remain the absence of very

fine, slow-settling sediment classes that constitute the bulk of the distal plume, and the neglect
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of cohesive sediment dynamics such as flocculation, which influences particle aggregation and

transport pathways.

Despite these discrepancies in magnitude, the model captures the general shape of the vertical

SSC profiles with reasonable fidelity, often replicating the surface-advected nature of the plume

(nearshore). This suggests that the underlying hydrodynamics, such as stratification, are simu-

lated plausibly. The Fiumara Grande (southern branch) shows a better agreement with the CTD

measurements in general. The model performance shows a good correlation throughout the sea-

sons with the bias ranging from 10−6 to 10−3 kg/m3 and RMSE from 10−4 to 10−3 kg/m3.

This indicates that, with appropriate calibration of the discharge rates and suspended sediment

concentrations at the river mouths and within the domain, supported by local observations, and

with the application of the non-zero gradient boundary conditions, model performance can be

enhanced. Incorporating cohesive sediment dynamics and flocculation processes in future work

would also improve model fidelity.

4.3.3.5 Physical drivers of seasonal sediment budget

Seasonal mean fields over the simulation period reveal a persistent river-driven surface plume

whose spatial extent is strongly modulated by hydrodynamic forcing (Figure 4.3.15). Periods of

reduced discharge and weaker wave activity (late summer–autumn and spring) exhibt relatively

confined SSC patterns near the river mouth, whereas winter conditions show substantially el-

evated concentrations and enhanced offshore and alongshore spreading due to increased river

input and wave-induced resuspension.

To characterize the hydrodynamic drivers underlying the seasonal SSC patterns observed in

Figure 4.3.15, an Empirical Orthogonal Function (EOF) analysis was applied to bottom orbital

velocities and surface currents (Figs. 4.3.17 and 4.3.18), with a complementary EOF decompo-

sition of SSC (Fig. 4.3.16) to identify the dominant modes of sediment variability. The leading

mode (EOF1) of bottom orbital velocity (Figure 4.3.17) explains over 90% of the variance, sug-
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Figure 4.3.15. Seasonal mean suspended sediment concentration (SSC, kg/m3) along the central Lazio coastline near the

Tiber River mouth, averaged over late summer (Aug–Sep 2020), autumn (Oct–Nov 2020), winter (Dec 2020–Feb 2021), and

spring (Mar–May 2021). The maps illustrate the seasonal variability in plume extent and dispersion under changing river

discharge and hydrodynamic forcing.

gesting that wave-related near-bed hydrodynamic variability accounts for a large fraction of the

seasonal signal along the shoreline. This mode intensifies during the winter months (Dec–Feb),

corresponding to periods of higher near-bed wave action, which is consistent with the broader

and more energetic SSC distributions observed in winter relative to the more localized plumes

characteristic of summer conditions. Simultaneously, EOF1 of surface currents, accounting for

30–45% of variance (Figure 4.3.18), captures the dominant advective pathways. In winter, the

strengthening of this mode facilitates the offshore and alongshore export of sediments, consis-

tent with the local circulation patterns demonstrated by Vetrano et al. (2010). The second mode

(EOF2) is associated with confined plume structures near the river mouths that dominate dur-

ing calmer periods, leading to the sediment retention near the coastal region observed in the

Aug–Sep and Oct–Nov averages.
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Figure 4.3.16. Empirical Orthogonal Function (EOF) analysis of suspended sediment concentration (SSC, kg/m3) seasonal

variability. The EOF1 mode explains 50–80% of the variance, representing the dominant seasonal pattern of sediment dispersal,

with higher concentrations and broader plumes during winter months.

Figure 4.3.17. EOF analysis of bottom orbital velocities (m/s) across seasons. The leading mode (EOF1) explains over 90% of

the total variance, representing a strongly coherent spatial pattern of wave-induced forcing for sediment resuspension.
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Figure 4.3.18. EOF analysis of surface currents (m/s) at the Tiber River delta. The top row illustrates the spatial distribution

of the first mode (EOF1), explaining 30–46% of the variance; the bottom row illustrates the second mode (EOF2), explaining

10–25% of the variance.

Despite remaining quantitative biases associated with sediment boundary conditions and size-

class representation (4.3.14), these results demonstrate that the SHYFEM-MPI STM framework

effectively resolves the hydrodynamic coupling between wave-modulated near-bed sediment

availability, through bottom orbital velocities, and current-induced advection and diffusion of

the river plumes, indicating that the model captures the first-order mechanisms governing sea-

sonal sediment dispersal.
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4.4 Discussion

This chapter detailed the development, validation, and application of a three-dimensional, wave-

forced sediment transport and morphodynamics model integrated within the SHYFEM-MPI

unstructured-grid framework. The central objective was to construct a comprehensive numeri-

cal tool capable of simulating complex sediment and morphological dynamics across both ide-

alized and real-world coastal and riverine environments. Key model enhancements included

the integration of offline spectral wave forcing, the implementation of unified wave–current

bedform and roughness parameterizations, intra-wave bedload transport, and a morphodynamic

feedback mechanism linking bed evolution via the Exner equation to the free-surface elevation

and circulation.

The model’s performance was first benchmarked against established idealized test cases. In

the tidal inlet experiment, the model successfully reproduced the characteristic erosion and de-

position patterns observed in previous studies with the state-of-the-art ROMS and FVCOM

(Warner et al., 2008; Wu et al., 2011), demonstrating its ability to capture wave- and tide-driven

morphodynamic response. An inter-model comparison with the coastal-ocean finite element

model Thetis (Kärnä et al., 2018), using discontinuous Galerkin schemes, further confirmed

the solution of the hydrodynamic and tracers fields with high correlation scores. For the river

meander case, the model correctly simulated the expected erosion on the outer bank and de-

position on the inner bank, consistent with laboratory experiments (Yen and Lee, 1995) and

other numerical models (Clare et al., 2021; Tassi et al., 2023). This test highlighted the critical

role of including secondary flow corrections to capture the three-dimensional nature of riverine

transport.

Application to the complex domain of the Fiumicino coast, earlier investigated by Bonamano

et al. (2024), demonstrated the model’s utility in a real-world setting. The model showed good

qualitative and quantitative agreement with satellite-derived suspended sediment concentrations
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during a high-discharge event, capturing the spatial extent and structure of the river plume. Com-

parisons with in-situ CTD casts confirmed the model’s ability to represent vertical SSC profiles,

although it revealed a tendency to overestimate concentrations near the river mouth and under-

estimate them offshore. These discrepancies highlight the challenges of accurately representing

riverine boundary conditions, as forcing the model directly at the river mouth using upstream

station data can introduce shifts in hydrodynamic response and sediment transport, whereas ex-

plicitly representing the river–sea continuum, as conducted by Bonamano et al. (2024), using

the riverine morphodynamics established in 4.3.2, would likely improve both near-mouth and

offshore sediment predictions. The combined analysis of EOF modes and seasonal SSC maps

identify the dominant mechanisms governing the coastal sediment budget north and south of the

river mouth, where unsheltered stretches of the coast are exposed to wave action, and current-

driven advection regulates sediment redistribution, with surface currents transporting suspended

material offshore.

Despite these achievements, several limitations must be acknowledged. The use of a z∗ ver-

tical coordinate system, while computationally efficient, can introduce numerical artifacts in

morphodynamic simulations where steep bed slopes develop. The current one-way wave forc-

ing neglects the potentially important feedback of evolving bathymetry on the wave field, a

mechanism shown to be significant in the original works of Warner et al. (2008) and Wu et al.

(2011). Furthermore, the model’s exclusive treatment of non-cohesive sediment overlooks floc-

culation and aggregation processes that are critical for fine-grained sediment transport (Son

and Hsu, 2011), thereby affecting settling velocities and dispersal patterns. Another limitation

arises in the representation of the swash zone, which is characterized by highly unsteady, often

bore-like uprush and backwash motions. These short-duration, non-hydrostatic flows are not

resolved by phase-averaged spectral wave models, which rely on statistical representations of

wave energy. Consequently, swash dynamics are typically incorporated through phase-resolving

models that simulate the transformation of surface waves and shallow water flows in coastal wa-
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ters (e.g., SWASH; Zijlema et al. (2011)). The morphological response within the swash zone

results from a disequilibrium between the beachface gradient and temporal differences between

uprush and backwash velocities, infiltration/exfiltration, and bore collapse, governing net sed-

iment transport and short-term shoreline changes (Masselink and Puleo, 2006; Briganti et al.,

2016).

Future work should prioritize addressing these limitations. A transition to a hybrid σ-z verti-

cal coordinate system would offer a more robust representation of near-bed processes on sloping

bathymetries, by leveraging the terrain-following continuity of σ-layers in shallow waters and

the stability of z-levels in deeper regions. The incorporation of a cohesive sediment module,

including flocculation dynamics, is essential for improving model fidelity in environments with

significant mud and silt content. Finally, more extensive calibration and validation against high-

resolution, long-term observational datasets are necessary to refine model parameterizations and

constrain uncertainty.
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Chapter 5

Concluding remarks

This thesis addressed a fundamental challenge in coastal-ocean modelling, which is the neces-

sity of representing multiscale, strongly coupled physical interactions that govern the evolu-

tion of complex coastal systems. The traditional paradigm of isolated, single-process models,

whether focusing exclusively on waves, circulation, or sediment dynamics, inherently neglects

critical feedback mechanisms that modulate stress fields, water levels, and morphological re-

sponse. This work departed from that fragmented approach by constructing an integrated nu-

merical framework that progressively incorporates key physical couplings, from open-ocean to

nearshore, and from surface to benthic processes.

5.1 Synthesis and research trajectory

The research was guided by three overarching objectives. First, to establish dynamically con-

sistent two-way interactions between surface waves and currents, quantifying mutual exchange

of momentum, energy, and sea state across the air-sea and water-column interfaces. Second, to

bridge the gap between the hydrodynamic model and benthic layer by explicitly representing

how marine vegetation transforms wave energy through biomechanical processes that respond

to both environmental forcing and seasonal phenological cycles. Third, to integrate sediment

transport and morphodynamic feedbacks within a unified framework, ensuring that evolving

bathymetry dynamically influences the hydrodynamic response through mass conservation.
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The framework was developed using two foundational models, SHYFEM-MPI, an unstructured-

grid finite-element circulation solver, and WAVEWATCH III, a spectral wave model, both cho-

sen for their demonstrated capability on complex domains, their active community support, and

wide range of applications demonstrated in literature, from global to regional (Mentaschi et al.

(2020), Causio et al. (2021), Causio et al. (2024)) and to coastal applications in different cou-

pling configurations (Clementi et al. (2017); Pillai et al. (2022b)). The work demonstrates that

such modular, progressively coupled architecture can simultaneously achieve physical rigor,

computational scalability, and practical applicability to real-world coastal environments.

5.2 Framework advancement and physical insights

The coupled wave-circulation system revealed that traditional decoupled simulations substan-

tially underestimate the complexity of storm-driven coastal hazards. During Medicane Ianos,

wave-induced surge contributions reached 10–30% of the total water level, with pronounced

spatial variability controlled by wave direction, local bathymetry, and the evolving wind field.

More notably, the sea-state-dependent momentum flux through enhanced vertical mixing prop-

agated thermal perturbations vertically to depths exceeding 100 m in coastal zones, demon-

strating that wave-circulation coupling operates across the full water column, not merely at the

surface. These magnitudes align with findings from previous coupled studies in other basins

(Dietrich et al. (2011), Kim et al. (2010)), establishing that such couplings are not marginal

effects but essential to hazard forecasting.

The incorporation of benthic vegetation into the spectral wave model introduced a novel

dimension, moving from static structures to living canopies whose efficacy varies with phe-

nological state. The development and validation of a flexible blade formulation, grounded in

experimental studies (Luhar and Nepf (2011), Luhar and Nepf (2016)) from three substrate

classes, demonstrated that accounting for biomechanical reconfiguration under wave forcing
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reduces overestimation compared to rigid stem assumptions, with the average wave damping

skill reaching up to 24%. More importantly, the work shows that seasonal leaf elongation and

senescence patterns in Posidonia oceanica create monthly variations in wave dissipation of up

to 10%, a temporal signature that single-valued parameterizations entirely miss. This finding

reframes ecosystem wave impact, the phenological cycle becomes as important as vegetation

flexibility itself, which can contribute up to half of the total attenuation. Such process-level in-

sights, linking trait variability to functional ecosystem services, represent a conceptual advance

beyond traditional static drag-based representations.

The sediment transport and morphodynamics framework successfully integrated enhanced

bed stresses with waves and current-driven transport via a unified bedform roughness param-

eterization, intra-wave quasi-steady bedload transport, and two-way Exner-based feedbacks,

coupling bed evolution to the free surface of the hydrodynamic system. Validation against estab-

lished benchmarks, the wave-forced tidal inlet and the meandering river, demonstrated that the

framework reproduces characteristic erosion-deposition patterns across diverse flow regimes.

Critically, the inclusion of secondary flow corrections for curved channels where the morpho-

dynamic evolution is fundamentally three-dimensional, accounts for the lateral redistribution

of sediment that drives meander formation and channel migration. Application to the Tiber

River delta, a complex system driven by river discharge, estuarine stratification, and storm-

wave events, showed that the model captures the primary structure of hypopycnal plumes and

reproduces spatial patterns of suspended sediment dispersal observable via satellite remote sens-

ing. The agreement, albeit imperfect near the river mouth and at distal locations, validates the

fundamental hydrodynamic-sediment transport coupling at the river-sea transition.

Collectively, these developments establish that an integrated modelling framework operating

on a shared unstructured grid can simultaneously honor local bathymetric complexity, capture

process interactions across multiple timescales (intra-wave oscillations, tidal cycles, seasonal
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phenology, storm events), and produce quantitative predictions amenable to validation against

diverse observational streams, such as in-situ and satellite imagery.

5.3 Limitations and pathways toward enhanced fidelity

Despite these advances, critical limitations remain, each pointing toward scientifically moti-

vated future development. The present framework employs offline (one-way) wave forcing to

the sediment module, deliberately chosen to constrain implementation complexity while estab-

lishing the hydrodynamic-morphodynamic core. However, this choice excludes a potentially

significant feedback, as evolving bathymetry modulates wave propagation, shoaling, and break-

ing characteristics. In environments with rapid bed evolution, such as storm-driven scour near

structures, or river mouth bar migration, changes in water depth alter local wave energy dissipa-

tion, which in turn influence the circulation-sediment feedback. Theoretical arguments and prior

studies (Chapter 4) suggest this bathymetric-wave feedback can amplify morphological changes

(Warner et al. (2008)). Full closure of this loop requires two-way wave-morphodynamics cou-

pling, typically implemented through iterative exchange of updated bathymetry and wave spec-

tra at coupling intervals, similar to the wave-circulation coupling strategy employed in Chapter

2. Parallel to this, the wave-vegetation module currently represents only the biomechanical in-

fluence of vegetation on wave dissipation. It does not feed back from wave-induced damage in

terms of uprooting or blade fracture to dynamic vegetation state, nor does it couple to sediment

dynamics to capture how vegetation trapping of suspended sediment builds matte structures and

alters local bathymetry. Such sediment-vegetation feedbacks are documented in the literature

(Gacia and Duarte (2001)) and operate on interannual timescales. Incorporating these requires

hybrid frameworks combining benthic ecological growth models (e.g., incorporating light avail-

ability, nutrient uptake, grazing pressure) with sediment transport, a scientifically compelling

direction.
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The presented sediment framework treats all sediments as non-cohesive grains with pre-

scribed settling velocities. This assumption holds for medium to coarse sands but breaks down

for silts and clays, the dominant sediment classes in many river delta and estuarine systems.

Fine sediments exhibit cohesive properties driven by electrostatic and polymeric forces, they

can flocculate into aggregates with settling velocities by orders of magnitude faster than indi-

vidual particles depending on shear and collision rates. The Tiber River application exposed this

limitation, where the model systematically underestimated suspended sediment at distal plume

locations, a discrepancy traceable to the exclusion of wash load, the finest silt and clay fractions

that remain in suspension and travel far offshore as passive tracers.

The use of a terrain-following normalized (z∗) vertical coordinate system (Verri et al. (2023)),

while computationally efficient, introduces a subtle but persistent limitation, the bottom-most

layer exhibits discontinuous slope behaviour at sloping bathymetries, creating numerical arti-

facts in steep regions and during rapid bed evolution. This constraint was explicitly acknowl-

edged in Section 4.2.1 and limits morphodynamic applications to scenarios with small bathy-

metric changes, non-intersecting water column layers, or depth-averaged model configurations.

While adequate for the proof-of-concept applications presented here, this constraint becomes

restrictive for long-term simulations (Mariotti and Murshid (2018)) or in environments with sus-

tained net erosion or sedimentation, such as anthropogenic subsidence in deltas, coastal dikes,

or inlet dynamics.

The proposed solution is a hybrid vertical coordinate system, merging sigma (σ) terrain-

following layers in shallow waters with geopotential (z) levels in deeper regions, to elminate

the discontinuity in the bottom topography. Such hybrid systems have been extensively studies

(Wang (2007)) and implemented in modern unstructured grid based models, such as SCHISM

via SZ grid discretization (Zhang et al. (2016)). This development would extend applicability

to long-term coastal evolution and support multi-decadal projections under climate forcing.
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Another limitation comes from the use of the spectral wave models that represent waves via

the action balance equation for phase-averaged spectral energy, averaging over the rapid oscil-

lations of individual wave orbits. This phase-averaging inherently excludes the swash zone, the

narrow strip where breaking waves run up the beach face and then drain back. Swash dynam-

ics are highly unsteady, characterized by bore-like fronts, infiltration/exfiltration into porous

sediment, and strong vertical accelerations (Briganti et al. (2016)); they violate the hydrostatic

approximation central to shallow water and phase-averaged wave action. As a result, the mor-

phological response within the swash zone, where sediment transport per unit area can exceed

that of the nearshore region, is not represented. Swash-zone processes are sometimes approx-

imated through empirical parameterizations of beach face rotation or through separate non-

hydrostatic models (Zijlema et al. (2011)). Integration of such tools into the coastal framework

would require a high-resolution grid refinement in shallow waters, a transition mechanism from

phase-averaged wave forcing to phase-resolving or non-hydrostatic solvers, and a coupling of

sediment transport between the two regimes.

5.4 Advancing toward predictive capability

The ultimate scientific goal of coastal-ocean modelling is not simulation for its own sake, but

the development of high predictive capability for the coupled evolution of coastal morphology,

ecosystem state, and human infrastructure under present climate and projected future condi-

tions. Achieving this demands a paradigm shift toward integrated modelling that simultane-

ously resolve the fast dynamics of ocean circulation and waves, operating on hourly to daily

timescales, alongside the slower adjustment of morphology and benthic habitats, unfolding

over seasons to decades, all coupled within a unified computational framework. Such systems

must explicitly represent biogeochemical feedbacks, including sediment carbon cycling, nutri-

ent transformations, oxygen dynamics, and ecological responses such as vegetation growth and
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habitat succession, which both influence and respond to physical forcing, while the systematic

integration of diverse observational datasets constrains model parameters and enables rigorous

assessment of predictive skill.

The modular system presented here provides a robust and extensible foundation for these ad-

vances. It serves as a transferable tool for coastal risk assessment and offers a tangible pathway

toward the construction of the complex models for the coastal-ocean systems, thereby contribut-

ing directly to the scientific objectives of the UN Ocean Decade initiative.
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