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Executive summary

This document explains in detail the set-up and implementation of two numerical high-resolution wave
models for the Taranto and Barcelona test cases, as expected in the EuroSea work plan. Both models are
state-of-the-art and have been carefully validated. The operating services resulting will be in the core of the
OSPAC product, the main deliverable of WP5.2.

The third pilot involved in the project, Alexandria, does not have models ready since this port, quite
unexpectedly, failed to obtain the internally required permits to work on the project. Nevertheless, this is
not a concerning delay since all methodologies are developed, and we will proceed to the modelling work
once the substitute port is designated. At this moment, locations in Colombia or Madagascar are being
studied. Contacts with local authorities are established, and a final decision will be made before the end of
2021.

1. Introduction

The ocean is an essential part of the planet that plays a crucial role in the global life system and provides vital
human resources. Coastal zones are the most affected areas by direct anthropic pressures, and their
management is very complex due to the multiple interconnected processes that occur there. Therefore,
understanding the physical behaviour of coastal zones is vital to managing the main problems related to
impacts and resource exploitation activities (Liste et al., 2021). In this coastal setting, ports and adjacent cities
are one of the main anthropic infrastructures that generate economic wealth; the increase in maritime traffic
has resulted in rapid growth in port activity. As Ports and Cities are affected by met-ocean conditions,
especially extreme events, personalized real-time and forecast information on environmental conditions is
needed to manage their growth. Wind, waves, and sea level are traditionally critical metocean parameters.

Supporting port and city activities requires accurate ocean forecasting systems; In response to this growing
demand for continuous and updated met-ocean information, high-resolution models are being implemented
in coastal areas, combined with in situ observations, are allowing a better understanding and characterization
of the main hydrodynamic characteristics of these areas. As a result, operational physical oceanography is
maturing quickly, and high-resolution wave modelling as an operational capability is now a fact.

In the framework of the EuroSea Project, the WP5 team has been working on developing a wave forecasting
operational tool with enough resolution to solve the wave dynamics of restricted domains such as Barcelona's
and Taranto's local coastal waters, harbours, and beaches. This deliverable describes the wave operational
forecast systems in Barcelona's and Taranto's local coastal waters.

The report is organized as follows: Section 2 describes the study site. Section 3 describes the 3D modelling
systems and setups. Finally, section 4 presents validations and results.
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2. Areas of Interest

2.1. Taranto

The Area of Interest is focused on the Southern Adriatic and Northern lonian seas of Mediterranean basin,
with special zoom in the Gulf of Taranto (hereafter GT) and particularly in the Mar Grande and Mar Piccolo
where the port of Taranto is located.

The southern Adriatic Sea extends approximately southward along the latitude of 42°N to the threshold of
the Strait of Otranto and has a maximum depth of 1270 m. An exchange of waters with the lonian Sea occurs
at the Strait of Otranto at approximately 40°N. The northern lonian Sea extends south of 38°N and has a
steeper continental slope than the Adriatic basin. The offshore maximum depth is 3500-3700 m.

The GT (Figure 1a) is situated in the north-western lonian Sea and is approximately delimited in open sea by
the line connecting Apulia and Calabria (Gulf of Taranto — Boundary Section, GT-BS in Figure 1a). It is a deep,
semi-enclosed ocean area in southern Italy encircled by two peninsulas, Apulia and Basilicata/Calabria (Figure
1a). It is open to the northern lonian Sea, and a deep trench of more than 2000 m connects it to the eastern
Mediterranean Sea. The continental shelf area, considered as the area from the coasts to the 200 m depth
contour, occupies only 10 % of the total Gulf area (Pinardi et al., 2016) with the shelf wider on the Apulia
than the Calabria side.

A 7.5 km wide sheltered elliptical embayment, called the Mar Grande — Mar Piccolo system of Taranto, see
Figure 1b, hereafter named MG-MP), opens in the north-eastern part of the GT. The MG-MP is a marine
system experienced over the last few decades strong biochemical pollution and environmental degradation,
and it is considered a hotspot study site for economic, ecological and scientific reasons

Few studies are available on the wave climate of the Gulf of Taranto. Greco and Martino (2014) evaluated
the main direction of the wave field off the lonian western coast, performed by means of hindcasting method.
The frequency of the sea state from SE direction is higher than 50%. Damiani et al. (2007) described the wave
climate for the year 2006 using a buoy in proximity of the mouth of the Great Sea in Taranto. The buoy was
moored about 1.5 km from Taranto at a location with a water depth of about 72 m, to measure sea states
not altered by the interaction with bottom. They reported that the longest fetch is about 1400 km from the
SSE. The recorded wave heights during the year analysed were relatively small and the maximum significant
wave height was Hs = 2.88m (April 2006). The wave climate in the Gulf is characterized by a rather constant
SSE direction. The waves come from a quite limited approaching sector and the wave field direction is very
constant overall the year. The only remarkable change happens during the summer season when there is a
greater occurrence of low height waves generated from local winds blowing from NW directions (Figure 2).
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Figure 1. Area of interest: bathymetry and coastline of Gulf of Taranto (a) and Mar Grande (southwestern part of domain, where

port of Taranto is located) and Mar Piccolo (northeastern part of domain) of Taranto (b)
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Figure 2. Mean wave climate for the Gulf of Taranto at yearly time-scale for the whole 2006 (top wave rose) and for seasonal time-
scale (Summer 2006) from Damiani et a.,2007.

2.2. Barcelona

In particular, the study area is focused on the coastal waters and port of Barcelona city, located on the Catalan
coast in the Northwest Mediterranean Sea (see Figure 3). It corresponds to the northern section of the
Spanish coast, situated between latitudes 40°45’ N and 42°25’ N and longitudes 0°45’ E and 3°15’ E, with an
extension of around 700 km (Pallares et al. 2014).

The general circulation pattern presents a relatively complex pattern primarily determined by the bottom
bathymetry (Sdnchez-Arcilla and Simpson, 2002). The characteristics of the continental shelf and the slope
are crucial: in the north, the shelf is broad (about 70 km), narrows to less than 20 km in the central stretch of
the coast (in front of Barcelona city), and then widens again abruptly to about 60 km further south. Due to
the microtidal character of the Mediterranean Sea, tidal perturbations to the currents are not significant in
this area (Poulain et al., 2013; Tsimplis et al., 1995).

Orographic patterns, air-sea temperature differences and the passage of low-pressure centres from the
Atlantic mainly control the meteorological situation in the area. The Pyrenees, situated north of the Catalan
coast, act as a physical barrier that modifies the wind patterns and produces the Mistral and the Tramontana,
northwest and north winds, respectively, whose influence can be noticed hundreds of kilometres offshore
(Bolafos et al., 2009). Also, the wind channelling due to river valleys and the complex topography generate
highly variable wind patterns in space and time.

The prevalent winds come from the north and northwest, primarily during December and January; southerly
and easterly winds are also significant, particularly during February, March, April and November (Arnau,
2000). On average, the winds are not very intense. The maximum velocities correspond to easterly winds in
agreement with storm conditions. ; the most energetic storms registered in the area are associated with this
directional sector and affect the entire length of the Catalan coast (Mendoza et al., 2011).
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The predominant wave directions, as with the wind, vary along the coast showing clearly the topographic
control due to a complex bathymetry, with submarine canyons and a heterogeneous continental shelf width
(Sanchez-Arcilla et al., 2008; Bolafios et al., 2009). Sanchez- Arcilla et al. (2008) describe how waves from east
and south are the prevailing wave conditions in the study area. The largest waves come from the east, where
the largest fetches and stronger winds coincide (Pallares et al. 2014).
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Figure 3. The upper left panel shows the extended study area comprising the NW Mediterranean. The central panel focuses on
Barcelona's local coastal waters and port area. Isobaths are drawn up to 80m.

3. Methodology

3.1. Numerical models

Taranto
The modelling system is based on WAVEWATCH IlI™, a community wave modeling framework that includes
the latest scientific advancements in the field of wind-wave modeling and dynamics.

The core of the framework consists of the WAVEWATCH Il third- generation wave model, developed at the
US National Centers for Environmental Prediction (NOAA/NCEP) in the spirit of the WAM model (Komen et
al., 1984).

WAVEWATCH Ill, hereafter WW3 solves the random phase spectral action density balance equation for
wavenumber-direction spectra. The implicit assumption of this equation is that properties of medium (water
depth and current) as well as the wave field itself vary on time and space scales that are much larger than
the variation scales of a single wave. The model includes options for shallow-water (surf zone) applications,
as well as wetting and drying of grid points. Propagation of a wave spectrum can be solved using regular
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(rectilinear or curvilinear) and unstructured (triangular) grids, individually or combined into multi-grid
mosaics.

Source terms for physical processes include parameterizations for wave growth due to the actions of wind,
exact and parametrized forms accounting for nonlinear resonant wave-wave interactions, scattering due to
wave-bottom interactions, triad interactions, and dissipation due to whitecapping, bottom friction, surf-
breaking, and interactions with mud and ice. The model includes several alleviation methods for the Garden
Sprinkler Effect, and computes other transformation processes such as the effects of surface currents to wind
and wave fields, and sub-grid blocking due to unresolved islands. Wave energy spectra are discretized using
a constant directional increment (covering all directions), and a spatially varying wavenumber grid. First-,
second- and third-order accurate numerical schemes are available to describe wave propagation. Source
terms are integrated in time using a dynamically adjusted time stepping algorithm, which concentrates
computational efforts in conditions with rapid spectral changes. The model is used worldwide by several
institutions to simulate waves of several systems in many regions of the world, from global to coastal scale.
The wave model has been interfaced in terms of coupling with SHYFEM circulation model (described in
deliverable 5.3) via radiation stress theory (Longuet-Higgins and Stewart, 1964).

The modelling approach is based on the downscaling of CMEMS Marine products released at the regional
scale of Mediterranean Sea. The current Med_Waves-CMEMS (Korres et al., 2021) implementation is based
on WAM Cycle 4.6.2 with proper tuning and maximum spectral steepness limitation and it has been
developed as a nested sequence of two computational grids (coarse and fine) to ensure that swell
propagating from the North Atlantic towards the strait of Gibraltar is correctly entering the Mediterranean
Sea. The coarse grid covers the North Atlantic Ocean from 75°W to 10°E and from 70°N to 10°S in 1/6°
resolution while the nested fine grid covers the Mediterranean Sea from 18.125°W to 36.2917°E and from
30.1875°N to 45.9792°N with a 1/24° (~4.6km) resolution. The Med-Waves modelling system resolves the
prognostic part of the wave spectrum with 24 directional and 32 logarithmically distributed frequency bins
and the model solutions are corrected by an optimal interpolation data assimilation scheme of along-track
significant satellite wave height observations. The system provides a Mediterranean wave analysis and 10
days Mediterranean wave forecasts updated twice a day.

Barcelona

Reliable knowledge of surface gravity waves, currents, and their interactions in the ocean is of great
importance to many applications, such as weather forecasting, search and rescue, beach erosion, and site
selections for offshore infrastructures (Hashemi and Neill, 2014). Waves and currents form a complex system
usually discussed, assuming the influence of waves on hydrodynamics and the impact of currents on waves
distinctly (Benetazzo et al., 2013). This broad topic is usually referred to with the general term of Wave—
Current Interaction (WCI) that, from the general point of view, traces back to the theoretical works of
Longuet-Higgins (1964) on longshore currents flows produced by waves and to the studies of the dynamics
of waves in a moving medium (Tayfun et al., 1976). Physically, ocean currents can modify the relative speed
of the air above the sea surface (relative wind effect) and change the absolute frequency of waves, known as
the Doppler shift. In addition, spatial variability of currents can modify the relative wave frequency and cause
wave refraction, shoaling, and breaking that mimic bathymetric effects (Ding and Wang, 2011). The surface
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gravity waves, in return, can affect vertical mixing and surface and bottom stress experienced by currents.
The surface waves and currents can also exchange energy through radiation stress (Stewart et al., 1974;
Mellor, 2003) or vortex force (McWilliams et al., 2004; Ardhuin et al., 2008).

In the framework of the EuroSea initiative, the LIM-UPC team has developed a 3D hydrodynamic tool with
enough resolution to solve the inner dynamics of local domains such as Barcelona's coastal waters, harbour,
and beaches. The effect on waves of the Wave-Current Interaction (WCI) process in Barcelona's coastal
waters and the port was investigated using the Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) modelling system. COAWST relies on the ocean model ROMS (Regional Ocean Modeling System)
and SWAN (Simulating WAves Nearshore) wave model. The simulations are based on a two-way coupling
between ROMS and SWAN on the same computational grids. The atmospheric forcing was uncoupled, and
CMEMS products provided the fields.

Circulation model:

ROMS is a three-dimensional, free-surface, topography-following numerical model that solves finite
difference approximations of Reynolds Averaged Navier Stokes (RANS) equations using hydrostatic and
Boussinesq approximations with a split-explicit time-stepping algorithm (Shchepetkin and McWilliams, 2005;
Haidvogel et al., 2008; Shchepetkin and McWilliams, 2009). In addition, ROMS includes options for various
model components such as different advection schemes (second, third, and fourth-order), turbulence closure
models (e.g., Generic Length Scale mixing, Mellor-Yamada, Brunt-Vaisala frequency mixing, user-provided
analytical expressions, K-profile parameterization), and several options for boundary conditions.

We used the latest version of the ROMS model (version 3.9) at this deliverable's publication date. However,
numerical details, a complete model description, user documentation, and source code are available on the
ROMS website for future checks and improvements.

Wave model

SWAN is a state-of-the-art 3rd generation spectral wave model which computes random, short-crested wind-
generated waves in offshore and coastal regions. The model describes the generation, evolution, and
dissipation of the wave action density spectrum N (space, time; o, 6), where 0 is the wave propagation
direction, and o is the wave relative frequency. SWAN solves a radiative time-dependent transport equation
in the variable N, accounting for the wind input, the wave-wave interactions, and the dissipation terms in
deep and shallow waters. The ambient current affects the density spectrum balance in two ways. One way is
that N will be propagated with a velocity modified by the local ocean current. A second way is that the effects
of ocean currents are accounted for by using the apparent local wind speed and direction to modify the wind
stress (Kara et al., 2007). The wind speed modification by the local currents is implemented in COAWST,
assuming the atmosphere flow relative to a moving frame: the wind speed is shifted by the ocean current
velocity (validations and limits provided by Hersbach and Bidlot, 2008).

We used the latest version of the SWAN model (version 41.31) at this deliverable's publication date. However,
numerical details, a complete model description, user documentation, and source code are available on the
SWAN website for future checks and improvements.
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Coupling tool

The COAWST model utilizes the model-coupling toolkit (MCT) to achieve communication among the
submodels via the message-passing interface (Jacob et al., 2005). In the coupling process, ROMS receives the
surface and bottom wave direction, height, length, period, percentage breaking, energy dissipation, and
bottom orbital velocity from SWAN. At the same time, ROMS provides bathymetry, bottom elevation, sea-
surface height, and depth-averaged currents to SWAN.

We used the latest version of the COAWST modelling system (version 3.7) at this deliverable's publication
date. However, complete model details are available on the COAWST website for detailed checks and future
improvements.

3.2. Grid generation and bathymetry interpolation

Taranto

In EuroSea, we have developed a specific and hyper-resolution configuration for Taranto Seas, hereafter GT-
WAVE. The new system covers only the GT with a horizontal resolution from 3 km in open-sea to 100 m in
the coastal waters to 20 m in the port of Taranto. Figure 4 shows the grid and bathymetry in GT and MG-MP.
A single open boundary is created connecting Calabria and Apulia coasts through the GT-BS (see Figure 1a).
This configuration has been created to perform specific process studies and long-term hindcast simulations,
due to the reduced density meshes in respect with the first one. The new horizontal grid has been created
adopting advanced and customized tools (mainly python-based) of meshing based on GMSH* and BLENDER?
software.

The bathymetry was derived from the EMODnet? product at a resolution of 1/8 x 1/8 arc-minutes (circa 230
x 230 meter), resolution for open sea and coastal waters and integrated with higher-resolution bathymetry
(resolutions of order of meter) for coastal areas in MG-MP and Taranto Port area provided by the Italian Navy
Hydrographic Institute. The wave spectra have been discretized in 24 directions (covering the full circle) and
32 frequencies, from 0.05 Hz to 0.9597 Hz.

Barcelona

Bathymetries are built using a combination of bathymetric data from EMODnet* and specific high-resolution
sources provided by local Port Authorities (Figure 5). An updated and higher resolution bathymetry is also
applied to adjust the open boundary to the coastal bathymetries in the port domains. Finally, the bathymetry
information interpolated is smoothed using a Shapiro filter with an r-factor criterion below 0.25.

The bottom boundary layer was parameterized with a logarithmic profile using a characteristic bottom
roughness height of 0.002 m. The turbulence closure scheme for the vertical mixing is the generic length
scale (GLS) tuned to behave as k-epsilon (Warner et al., 2005). Horizontal harmonic mixing of momentum is
defined with constant values of 5 m?s™.

http://gmsh.info

https://www.blender.org/

https://www.emodnet-bathymetry.eu/

N e S

https://emodnet.ec.europa.eu
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3.3. Initial and Lateral boundary conditions. Forcings.

Taranto

The modelling system is downscaled from Med-Waves-CMEMS in term of open boundaries. The scalar fields
from Med-Waves-CMEMS (significant wave surface height, peak wave period and mean direction) are
treated at the boundary nodes of the nested system through the Yamaguchi, 1984 approximation, to rebuild
local wave spectra.

The model is initialized using the fetch limited approach: the local JONSWAP spectrum is calculated using the
local wind speed and direction, using the spatial grid size as fetch.

Meridional and zonal 10 m wind components (U10M and V10M) of well-consolidated atmospheric products
from ECMWF (6.5 km resolution and 3h frequency) are adopted as forcing. The atmospheric fields are
corrected by land-contaminated points following Kara et al. (2007) and horizontally interpolated at each
ocean grid node by means of linear interpolation.

Barcelona

The model configuration is nested into the daily updated regional ocean forecast products delivered by
CMEMS-IBI (Sotillo et al., 2015). At the sea surface, the models are driven by high frequency (hourly) wind
stress, atmospheric pressure, and fluxes of water and surface heat derived from the Spanish Meteorological
Agency (AEMET) forecast services, based on two operational applications of the HIRLAM (HIgh-Resolution
Limited Area Model) model: one, the HNR application which is corresponded with the Iberic Peninsula
geographic domain (0.05° resolution and a forecast horizon of + 36 h) and the ONR application which is
corresponded with the Euro-Atlantic geographic domain (0.16° resolution and a forecast horizon of + 72 h).
Further detailed information on this methodology can be found in Sotillo el et al. 2019.

The HNR and ONR fields are jointly used according to the best available basis and pre-processed to obtain
wind surface stress, net surface heat, and salinity fluxes. CMEMS-IBI provides hourly barotropic water
currents and sea level and is consistently applied as Open Boundary Conditions (OBC) with Chapman and
Flather algorithms (Carter and Merrifield 2007). Moreover, daily average CMEMS-IBI currents, temperature,
and salinity values are imposed through the water column as clamped (Dirichlet) boundary conditions (Sotillo
et al., 2019).

3.4.  Physical and numerical setting

Taranto

GT_WAVE has been implemented following WAM Cycle4 model physics (Ginther et al. 1992). The
propagation scheme used is a third order scheme (Ultimate Quickest) with "Garden Sprinkler Effect"
alleviation method of spatial averaging. Wind input and dissipation are based on Ardhuin et al., 2010, in
which the wind input parametrization is adapted from Janssen's quasi-linear theory of wind-wave generation
(Janssen, 1991, Chalikov and Belevich, 1993), following adjustments performed by Bidlot et al. 2005 and
Bidlot 2008. Nonlinear wave-wave interaction have been modelled using the Discrete Interaction
Approximation (DIA) (Hasselmann et al. 1986, Hasselmann et al. 1985).
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The model system includes shallow water physics for coastal processes. Nonlinear triad interactions are
modelled using the LTA model of Eldeberky (1996). Depth-induced breaking has been implemented using the
approach of Battjes and Janssen (1978).

z - s L Mesh and bathymetry in Port of Taranto
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Figure 4. Horizontal grid with bathymetry overlapped for Gulf of Taranto system and for MG-MP. Star symbol indicates the wave
buoy location (property of Autoritd di Bacino, Apulia region) used for validation.

Barcelona

The numerical simulations were performed on a coupled, two-nested grid configuration. The coarse grid
covers part of the Catalan coast with a spatial resolution of 350m (Figure 5). Nested within the Coastal grid
by a scale factor of 5 is the Port grid with a spatial resolution on the order of 70 m (Fig. 5). Two grids were
simulated concurrently as a nested-coupled application: two-way ocean refinement and one-way wave
refinement with fully coupled exchanges between two grids for the fields of water levels, currents,
bathymetry, and bottom roughness from the ocean to the wave model; and wave dissipation, height, length,
direction, surface and bottom periods, and bottom orbital velocities from the wave to the ocean model. The
relevant ocean physics that include waves are surface-enhanced roughness due to the waves from Taylor
and Yelland (2001), the surface-enhanced flux of turbulent kinetic energy due to wave breaking based on
Craig and Banner (1994) with an increased roughness dependent on the sea state (Carniel et al., 2009), wave
effects on currents as described in Kumar et al. (2012) based on the approach from Uchiyama et al. (2010),
and the enhanced bottom roughness due to waves from Madsen (1994). The wave dynamics enhanced from
coupling to the ocean model include the effects of varying bottom roughness, changes in water level, and
effects from near-surface currents based on Kirby and Chen (1989).

Ocean model was forced with atmospheric data of winds, pressure, air temperature, relative humidity,
precipitation, and heat fluxes from CMEMS-IBI. At the sea surface, the models were forced by high frequency

10
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(hourly) wind stress, atmospheric pressure, and fluxes of water and surface heat derived from the Spanish
Meteorological Agency (AEMET) forecast services.

The model grids were time stepped with 60 and 15 s (for Coastal and Port grids) for the ocean, and 30 and
15 s for the wave model.

41.34°N

Latitude (°)

41.19°N

CATALAN SEA

41.04°N
o 100 200 300 400 o 60

Depth (m) D)
1.84°E 2.04°E 2.24°E 2.44°E

Longitude (°)

Figure 5. Horizontal grid with bathymetry overlapped for the Coastal domain and Port domain. Note that the colour scale for the
bathymetry is different to visualize the Port domain grid within the Coastal domain grid.

3.5. Results

Taranto
Here we show results in the coastal and harbour scale of Taranto and a quantitative analysis comparing the
modelling results with observations, especially during extreme wave events.

Figure 6 shows Significant Wave Height (Hs) over the entire model domain under downwind conditions
(Easterly winds), with a zoom on the MG.
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Figure 6. Significant wave height on the Gulf of Taranto (left panel) and on the MG (right panel) under downwind conditions.

Figure 7 shows a numerical experiment aimed to assess the impact on Hs and mean wave period (Tm) due
the inclusion of shallow water physics in GT_WAVE. The top panels show the Hs and Tm for the full set-up
(both deep and shallow water physics), while the bottom panel the difference between simulation using the
full set-up and simulation based on only deep-water physics. In particular the Hs of full set-up is comparable
to the one of only deep water set-up except for the coast, where shallow water physics are activated. The Hs
reduction in full set-up experiment is estimated to be around “-15% close to the Isola di San Pietro coast.

Similar behavior is reported for Tm.
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Figure 7. Significant wave height (a) and mean period (b) for GT-WAVE full set-up (both deep and shallow water physics). Difference
between full set-up and only deep-water physics for significant wave height (c) and mean period (d).

In the next section we analyzed and validated the GT-WAVE implementation, considering three extreme
events between 2014 and 2016, where data from buoys are available. The wave buoy data have been
provided by the Autorita di Bacino of Apulia region, and they were compared to Hs and Tm of GT-WAVE and
its parent model (Med-Waves-CMEMS). The water depth where the buoy is located approximately at 72 m,
thus we were able to validate only the deep-water physics of our implementation. The location of the buoy
is reported in Figure 4.

The first event occurred in 2014, on 4-6 October. In Figure 8 we report the significant wave map at the highest
peak of the event and the timeseries of Hs and Tm during the event. Two peaks of Hs (1.8m and 1.6m) are
present, with a mean direction at the boundary from southeast. Both the peaks were better represented by
GT-WAVE with respect to the CMEMS parent model. For the first peak it is evident an underestimation by
both the models, while the second one is very well described by GT-WAVE while CMEMS underestimates it.
Considering the wave period, CMEMS showed a significant underestimation. GT-WAVE performs better,
reducing the underestimation of 50%.

13



uWW3

E
i 20141006 06:00 g L urs
: Wave buoy

“ag . . 050

RSN N o
LT LT | 025

40°N B L. b 2
N . 0.00

o E
i - 9
39.5°N E 8
7
6
16.5°E 17°E 17.5°E 18°E s Z
£

Figure 8. Map of Hs at the peak of the event of October 2014. Models (GT-WAVE and Med-Waves-CMEMS) timeseries of Hs and Tm
compared with wave buoy observations.

During the second event, which occurred in the middle of February 2015, the waves entered the open
boundary from South. In Figure 9 we report the significant wave map at the highest peak of the event and
the timeseries of Hs and Tm during the event. Also, for this case, the event showed 2 peaks respectively on
17" and 23%" of February. The first peak, the lowest, reached approximately 2m of Hs, and it was well
represented by GT-WAVES. After that, the sea-state restoring phase showed an overestimation of Hs in GT-
WAVES, and Hs was better described by CMEMS. The second peak can be considered a real extreme event,
with Hs exceeding 3.5m. The event is slightly better described by CMEMS. It is evident that CMEMS tends to
underestimate Hs and GT-WAVE tends to overestimate it. The wave period of CMEMS showed a net
underestimation, while GT-WAVE is closer to the observed data. For this event we have also performed an
assessment of wave-current interaction on total water level. In particular, Figure 10 reports at the peak
(2015/02/22 17:00) for the areas of the Taranto port the maps of the significant wave height (top panel), the
sea level for the coupled run (middle panel) and the difference in sea level for the coupled and uncoupled
runs (bottom panel). Then, in Figure 11, we report the time series of sea level for the coupled and uncoupled
configurations together with the significant wave height for a point close to the port (point P1 indicated in
Figure 10). The wave contribution (wave setup) to the total water level is clearly evident at the peak of the
extreme event.
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Figure 9. Map of Hs at the peak of the event of February 2015. Models (GT-WAVE and Med-Waves-CMEMS) timeseries of Hs and Tm
compared with wave buoy observations.
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with the significant wave height (point black line) for a point close to the port (point P1 indicated in Figure 10)

The third event occurred in March 2016. In Figure 12 we report the significant wave map at the highest peak
of the event and the timeseries of Hs and Tm during the event. During the event two peaks of Hs are present,
respectively on 13" and 17 of March 2016. The wave direction approaching the open boundary was S-SE
oriented. The first peak (~2.1m) was underestimated by CMEMS, while better represented by GT-WAVE. The
second peak (~3.8m) was underestimated by both the models even if GT-WAVE (~3.1m) was closer to
observations than CMEMS (~2.8m). Unfortunately, the observation was not complete because of insufficient
buoy data on 18™ of March. Again, for the mean period the tendency of the previous plots, with both models
underestimating the observations, but higher accuracy of GT-WAVE, is confirmed.

We can conclude that GT-WAVE generally performs better than CMEMS for these specific events and in the
area. In addiction, we would like to stress that the CMEMS model is also equipped with satellite wave
assimilation, while no assimilation is included in the GT-WAVE model.

The GT-WAVE system has been put in operational forecasting mode, providing 3-days of forecasts with hourly
frequency. The outputs have been delivered both in unstructured (native) format and regridded format to
serve downstream services (e.g. tool for visualization) and applications. The ocean fields released on a daily
basis are significant wave height, mean wave period and direction. The operational chain is based on
workflow manager with the same features and tools described in the Deliverable 5.3. The forecasting data
are included in the OSPAC platform and also displayed at the website>.

5 https://taranto.cmcc.it/
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Figure 12. Comparison between wave buoy observations, GT_WAVE and Med-Waves-CMEMS during the extreme events occurred in
the middle of March 2016.

Barcelona

The coupled simulation has generated surface fields of significant wave heights, wave direction, wave period,
sea level, and other tridimensional oceanographic variables, such as current speeds, temperature or salinity
fields. This section will show results in Barcelona's coastal and harbour scale and an analysis comparing the
modelling results with observations, especially during extreme wave events (on March 2022).

Figure 13 shows the significant wave height (Hsig) over the entire model domains under storm conditions,
with a zoom on the Barcelona port and beaches domain.

The significant wave height shows continuity in all domains, and it is higher in the coastal domain, reaching
values greater than 5 meters. In the port domain, these maximum values are 4 meters in some areas;
however, the values do not exceed 3 meters in height in the Zoom of Barcelona’s port and beaches.
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Figure 13. Significant wave height on the Coastal domain (left panel), on the Port domain (central panel) and the Zoom on
Barcelona's port and beaches (right panel) under storm conditions (15 March 2022). The black dot indicates the location of the in-
situ observations recorded during a field campaign.

Figure 14 shows the significant wave height (Hsig) in a Zoom of the port and the beaches of Barcelona
(Domain of the Port), on March 15 2022, at 1:00, 5:00, 10:00, 15:00, 20:00 and 24 hours. This represents a
2D time series of significant wave height variation across the domain during one day. The results in the Zoom
show maximum values of significant wave height close to 2 meters in the first hours, which evolve over the
hours until they exceed 3 meters (at 10:00 hours) and then descend to values of 1.5 meters.
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Figure 14. Significant wave height on a Zoom on Barcelona's port and beaches (Port Domain) under storm conditions on 15 March
2022, at 1:00, 5:00, 10:00, 15:00, 20:00 and 24:00 hours. The black dot indicates the location of the in-situ observations recorded
during a field campaign.

Product quality assessment is crucial for coupled modelling systems. For that reason, the model outputs have
been validated where field data were available (the location of the measurement point is highlighted with a
black dot in Figures 13 and 14).

Measurements have been provided by a field campaign led by LIM-UPC between March and April of 2022;
during that period, a severe storm called the CELIA storm was recorded, as well as some other big storms
with high values of significant wave height. All these data were compared with modelled data. The measuring
point was located at 12m of water depth; thus, we were focused on validating only the shallow-water physics
in our implementation.

In Figure 15, we report the significant wave height comparison (central panel) where the highest peak of the
time series occurred during the CELIA storm on 15 March 2022. It is evident an underestimation of the
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modelled results. Still, looking at the rest of the time series, we could say that the model could reproduce
reasonably well other Hsig peaks.

The same patterns can be observed with the other two time series, the wind speed (m/s) and the mean sea
level (m) (Figure 15, upper panel and lower panel, respectively). The modelled data reproduce the trend and
general patterns of the time series, but some peak data are underpredicted.

The correlation between measured and modelled wind speed data, significant wave height data, and mean
sea level data is 0.76, 0.73 and 0.71, respectively.

—— Measured WINDS -
=— Modelled WINDS

0 f'k'u_r‘i".

F
o 1
E * [
o ¢ | T T A B 11 N—
g \ T i 1 \ I
o | VAR ) |
o 4 | | ] " \! A
£ /| X! ! v A
= 2 ¥ ‘-' AR J i ‘ 1
A A 1 1 1 1 d H + I I D
Ml TV AT : 3 | 7 f1
| [
0 T ! T T T 1 T
2022-03-10 2022-03-12 20220314 2022-03-16 2022-03-18 2022-03-20 20220322 2022-03-24 2022-03-26 2022-03-28 2022-03-30

= Measured Hsig
—— Modelled Hsig results

Wave Height (m)
-
w

2022-03-10 2022-03-12 2022-03-14 2022-03-16 2022-03-18 2022-03-20 2022-03-22 2022-03-24 2022-03-26 2022-03-28

—— Measured Sea-Level
—— Modelled Sea-Level

= 01

E

2 o0

3

3 01

& -o.

-0.2

0.3 I | 8 — | .
2022-03-10 2022-03-12 2022-03-14 2022-03-16 2022-03-18 2022-03-20 2022-03-22 2022-03-24 2022-03-26 2022-03-28

Time (days)

Figure 15. Comparison between measured data (in green) and modelled outputs (in purple) at the black dot location (see Figure 11).
The upper panel shows time serie of wind speed (m/s), the central panel shows the time serie of significant wave height (m), and
the lower panel shows the time serie of Mean Sea level (m).

Concerning surface current speed data (Figure 16), the coupled model reproduced the trends and patterns
shown by measured data, particularly under storm conditions, but underpredicted the peak values along the
entire time series. The correlation between measured and modelled surface current speed data is 0.69.
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Finally, Figure 17 (right panel) shows the differences in meters between the significant wave height obtained
with the coupled modelling system (left panel) and the results obtained with a wave model (uncoupled,
central panel) on a Zoom of Barcelona’s port and beaches (Port Domain).
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Figure 17. Differences (m) between Significant wave height results from coupled modelling system and no-coupled wave model (right
panel), on a Zoom on Barcelona's port and beaches (Port Domain). The left panel shows Hsig (m) from coupled modelling system, and
the lower panel shows Hsig (m) from the wave model (no-coupled) on 15 March 2022 at 10:00 hours.
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These differences are mainly positive values, which means that the Hsig values obtained with the coupled
modelling system are greater than the Hsig values obtained with a wave model (uncoupled). These
differences reach 0.4 meters at some points in our study domain.

The coupled modelling system has been tested under different conditions, and results show continuity and
agreement between all their variables and parameters. However, although preliminary validations with
measured data at shallow waters display good agreements, correlations between them can be improved.

4. Conclusions

Taranto

A wave modelling system based on the unstructured-grid component of WW3 has been implemented for the
entire Gulf of Taranto, with the specific focus and higher horizontal resolution (up to 20m) for the Taranto
port and embayments. The variable mesh approach ensures continuity and mutual exchanges in seamless
fashion among the different scales (sub-regional, coastal and port). The connection with the regional scale
of the Mediterranean Sea is performed via downscaling approach based on CMEMS-Med products.

Preliminary sensitivity experiments have been carried out to assess the contribution of shallow water physics
in the WW3 model at this coastal-port scale.

The coastal model has been validated over different extreme event conditions and compared against buoy
observed data. Furthermore the model has been inter-compared with the CMEMS Med wave model. The
coastal model is in agreement with the observed data and is generally capable of better capturing the peak
event for significant wave height and mean period.

An assessment of wave-current interaction on total water level has been carried out with coupled and
uncoupled experiments, showing the wave contribution (wave setup) to the total water level at the peak of
the extreme event in the nearshore and ports areas. One of the main outcomes is that the wave model
impacts on the hydrodynamics in the nearshore areas and for extreme surge events, while the contribution
becomes negligible for the open ocean and relative calm conditions.

Finally, an operational chain has been implemented to provide every day 3 days of forecasting and the wave
characteristics.

Future works will be oriented (i) to the wave-current coupling advancements including further drivers (i.e.
air-sea momentum transfer and turbulence induced by waves), and (ii) to the validation of the operational
forecasting products.

Barcelona

A coupled wave-current numerical model system was developed and validated with observations and
measurements for field campaigns. The coupled model was implemented on the Catalan coast using ROMS
and SWAN model codes. The model configuration is nested into the daily updated regional ocean forecast
products delivered by CMEMS-IBI. At the sea surface, the models are driven by high frequency (hourly) wind
stress, atmospheric pressure, and fluxes of water and surface heat derived from the Spanish Meteorological
Agency (AEMET) forecast services.
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The coupling consisted of two-way ocean refinement and one-way wave refinement with fully coupled
exchanges between two grids for the fields of water levels, currents, bathymetry, and bottom roughness
from the ocean to the wave model, and wave dissipation, height, length, direction, surface and bottom
periods, and bottom orbital velocities from the wave to the ocean model.

One major conclusion drawn from the various results presented in this work is that this hydrodynamic model
coupling impacts the wave model. At the same time, the hydrodynamics changes are negligible in large areas,
but they become more evident when considering the coupling impacts during storm events in the nearshore
areas, as shown also for the Taranto case.

The uncoupled and coupled wave models perform well in reproducing in situ wave parameters. In addition,
the coupled system improves the significant wave height simulation values with respect to the uncoupled
system. However, the results also highlight that the enhanced performance of surface currents shows only a
minor improvement. This might be due to the low resolution of the hydrodynamic and wave models and,
particularly, the scarcity of the coastal areas' geometry and bathymetry. However, although preliminary
validations with measured data at shallow waters display good agreements, correlations between them can
be improved.

The present work suggests that a two-way coupled model could improve the prediction of wave
characteristics and the significant wave height for coastal and local areas, particularly during storm events.

There is still necessary work in the wave model operational implementation to generate quality and accurate
forecast results.
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