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Summary

The focus of the Ph.D. project was the implementation of a network for monitoring significant sea wave heights
(Hs) along the Ligurian coasts (north-western Mediterranean Sea), in order to provide near-real time data to
weather forecasters and sea users (vessel captains, pilots, Coast Guard, Port Authorities and yachtsmen). The
project was divided into a part dedicated to the use of microseismic data, interfaced with data derived from
modelling hindcasts and from the wave buoy of Capo Mele, for the determination of Hs, and a part dedicated
to the Interreg Italy-France Maritime 2014-2020 SINAPSI "Assistance to navigation for safe access to ports”
Project, which involves the installation of instruments for measuring weather and sea parameters along the
coasts of the Ligurian Sea.

The first phase of the Ph.D. project involved the study and updating of a mathematical procedure for the
estimation of Hs from the microseismic data recorded by the network of seismic stations along the Ligurian
arch. The procedure exploited the existing relationship between sea wave heights and microseismic signal and
included the use of hindcast data to calibration steps and data from the Capo Mele wave buoy to verify the
reliability of the estimated Hs data. In October 2018, an extreme sea storm hit the Ligurian coast with waves
characterised by Hs greater than 6 m; these wave heights were not matched by an equivalent energy in the
microseismic signal, which therefore led to an underestimation of the H; estimated by the procedure. It was
therefore necessary to investigate the extreme event of 2018, which led to the evidence of a lack in the energy
of the microseismic signal and the need for a data compensation, which was possible thanks to the use of
weather data (wind speed and atmospheric pressure) that were included in an additional element to the
estimation procedure. The second phase of the Ph.D. project therefore involved verifying the reliability of the
data estimated by the procedure, which led to the evidence of a generic underestimation of Hs. This led to the
study of a first modification of the procedure and to the consequent monitoring of its validity on a large time
scale. The monitoring of the reliability of the estimated data will be continued after the end of the Ph.D., as
well as the updating/refinement of the procedure.

The Ph.D. project involved the participation in the SINAPSI Project, which started in April 2019, in all its
components, from the management to the implementation of the monitoring network, also including the
communication and dissemination of the project activities to the stakeholders.

The Ph.D. has achieved the improvement of the Hs estimation procedure. The research activities will continue
beyond the Ph.D. natural end to implement the results with data from a radar antenna system that will be
installed in the Genoa area in the framework of the SINAPSI Project.

Keywords: microseism; significant sea wave height; coastal protection; extreme events; real-time monitoring;
SINAPSI project.



Riassunto

Il progetto di Dottorato e stato principalmente focalizzato sull’implementazione di una rete di monitoraggio
dell’altezza significativa dell’onda marina (Hs) lungo le coste del Mar Ligure (Mar Mediterraneo nord-
occidentale), per la fornitura di dati in tempo quasi-reale ai meteo-previsori e a tutti gli utilizzatori del mare
(Comandanti, Piloti, Capitanerie, Autorita Portuali e diportisti). Il progetto si € suddiviso in una parte dedicata
all’utilizzo dei dati microsismici, interfacciati a dati derivati da hindcast modellistici e dalla boa ondametrica
di Capo Mele, per la determinazione dell’Hs, e in una parte dedicata al progetto Interreg Italia-Francia
Marittimo 2014-2020 SINAPSI “asSlstenza alla Navigazione per I’ Accesso ai Porti in Slcurezza” che prevede
I’installazione di strumenti di misura dei parametri meteo-marini lungo le coste del Mar Ligure.

La prima fase del Dottorato ha previsto lo studio e I’aggiornamento di una procedura matematica di stima
dell’Hs a partire dai dati microsismici registrati dalla rete di stazioni sismiche presenti lungo ’arco ligure. La
procedura ha sfruttato la relazione esistente tra altezza dell’onda marina e segnale microsismico, e ha previsto
I’utilizzo dei dati degli hindcast modellistici per la calibrazione, e i dati della boa ondametrica di Capo Mele
per la verifica dell’attendibilita del dato fornito. A ottobre 2018 una mareggiata di carattere estremo ha colpito
le coste liguri con onde caratterizzate da Hs superiore a 6 m; a queste altezze d’onda non ¢é corrisposta una
equivalente energia nel segnale microsismico, che quindi ha portato ad una sottostima dell’H; stimato dalla
procedura. E stato quindi necessario un approfondimento relativo all’evento estremo del 2018, che ha portato
all’evidenza di una mancanza dal punto di vista dell’energia del microsisma e al bisogno di una compensazione
del dato che ¢ stato possibile grazie all’utilizzo di dati meteorologici (velocita del vento e pressione
atmosferica) che sono stati inseriti in un elemento aggiuntivo alla procedura. La seconda fase del Dottorato ha
previsto quindi la verifica dell’attendibilita del dato fornito dalla procedura che ha portato all’evidenza di una
generica sottostima di Hs. Questo ha comportato lo studio di una prima modifica della procedura e al
conseguente monitoraggio su ampia scala temporale della sua validita. Il monitoraggio dell’attendibilita del
dato fornito sara portato avanti anche dopo il termine del Dottorato, cosi come 1’aggiornamento/miglioramento
della procedura.

Il progetto di Dottorato ha previsto la partecipazione al progetto SINAPSI, iniziato ad aprile 2019, in tutte le
sue componenti, dalla gestione all’attuazione della rete di monitoraggio, comprendendo anche I’attivita di
comunicazione e divulgazione delle attivita di progetto agli stakeholders.

Il Dottorato ha raggiunto un miglioramento dell’affidabilita della procedura di monitoraggio dell’Hs. Le attivita
di ricerca continueranno oltre il termine naturale del Dottorato per implementare i risultati con i dati dei radar
costieri che verranno installati nell’ambito del Progetto SINAPSI nell’area di Genova.

Parole chiave: microsismi; altezza significativa dell’onda marina; protezione della costa; eventi estremi;
monitoraggio in real-time; Progetto SINAPSI.



1 Aim of Ph.D. thesis

The project envisages the monitoring and forecasting of the sea wave height in the Ligurian Sea (north-western
Mediterranean Sea) for coastal defence and navigation safety. The general objective of the project is to set up
a near real-time monitoring network of the sea state (significant sea wave height) through the analysis,
integration and interpolation of data deriving from different measurement systems: microseismic data detected
by the seismographic network present on the Alpine and Apennine arch of the Ligurian Region (network
operated by the Department of Earth, Environment and Life Sciences - DISTAV of the University of Genoa,
Italy); significant sea wave height data over a long period (hindcast) deriving from the application of wave
models forced by weather conditions to the Ligurian basin (hindcast generated by model application by the
Department of Civil, Chemical and Environmental Engineering - DICCA of the University of Genoa, Italy).
These systems were progressively interfaced with each other in order to progressively test and validate the
reliability of the significant sea wave height data obtained by the estimation procedure. The data reliability
was verified thanks to the comparison with data recorded by the wave buoys present in the Ligurian basin,
until the final overall network is reached. The aim of this network is to provide stakeholders (sea users such as
vessel captains and yachtsmen) and weather forecasters with accurate and widely distributed data on significant
sea wave heights in the Ligurian Sea, with particular attention to the area off the Port of Genoa.

2 Thesis outlines

The Ph.D. thesis was carried out in the framework of the collaboration between the research groups of the
Physical Oceanography and Seismology of the DISTAV and the research group of Coastal Engineering
(MeteOcean) of the DICCA of the University of Genoa. The Ph.D. thesis was also developed in synergy with
the Italy-France Interreg Maritime 2014-2020 SINAPSI “Assistance to navigation for safe access to ports”
Project. The SINAPSI project started in April 2019 and will end in October 2022 and aims to deploy
instruments and systems to monitor marine conditions (currents and waves) in ports and in sea areas facing
them, along the coastline between Toulon (France) and Piombino (ltaly) in the Ligurian Sea.

The topic under research is presented with the current limitations on wave monitoring and predictions arising
from the most common methods used and the advantages resulting from the use of microseismic networks for
monitoring sea wave heights. (Chapter 3)

The study area is the Ligurian Sea and an overview of the wave characteristics of the Ligurian basin is
presented. (Chapter 4)

The Ph.D. project concept was to consider the relationship between microseisms and sea waves and the
possibility of using the microseismic signal to determine the significant height of the sea wave. (Chapter 5)

The starting point of the Ph.D. thesis was the mathematical procedure created by Ferretti et al. (2018) for the
transformation of the microseismic signal, recorded by seismographs along the Ligurian arch, into data of the
significant sea wave height. This study involved the correlation of the microseismic signal with the significant
wave height data coming from the engineering hindcast and the verification of the reliability of the data
obtained thanks to the comparison with the data measured by the wave buoy at Capo Mele (Imperia, western
Ligurian Sea). (Chapter 6)

On the occasion of the strong storm (Adrian Storm) that hit Liguria on 29 October 2018, despite the extreme
characteristics of the sea storm (maximum wave height 9.6 m and peak period 11.7 s measured by the Capo
Mele buoy) which was defined by the weather-predictors as an "oceanic storm"” and which caused numerous
and extensive damages to coastal infrastructures, the microseisms associated with the sea waves did not show
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equivalent energy, and consequently the estimation model significantly underestimated the sea wave height.
Therefore, the Ph.D. project focused on the Adrian Storm, considering both the weather and sea characteristics
that generated it and that made it extreme for the Ligurian climate. The characteristics of this storm were then
compared to those of other recent strong sea storm that have affected the Ligurian coast, to understand which
weather parameter was the most influential and which could be included in the estimation model to avoid
possible future underestimates of sea wave height in cases of extreme sea storms. (Chapter 7)

Given the significant underestimation of the sea wave height due to the lack of energy peak in the microseism
occurred during the Adrian Storm, the reliability of data obtained from the mathematical procedure defined in
Ferretti et al. (2018) was monitored over a long period to highlight any other significant differences between
the measured and estimated sea wave height or criticalities in the reliability of the model. A monitoring
procedure was defined and a first amendment to the mathematical procedure has been proposed. (Chapter 8)

The need for real-time data on currents and waves has also been addressed by the European SINAPSI Project,
which involved different partners for the installation of instruments and measurement systems at various sites
along the coast of the Ligurian Sea. The Ph.D. project followed the SINAPSI Project from the first writing
phases until the 30th month of activities, with the management of the project, the exchanges with the different
partners, the necessary studies for the choice of the best instruments and the best installation positions in the
different port of the project, and the dissemination activities. Future developments of the SINAPSI Project
include the installation of a radar antenna system to monitor the sea state in the central part of the Ligurian
Sea. The data that will be recorded by the radar system will also be used to implement the sea wave height
estimation procedure with microseism data in future research development. (Chapter 9)

3 Introduction

Monitoring of the sea has become increasingly fundamental to improve knowledge of physical, geological,
biological and chemical processes in the marine environment, also from the point of view of climate change.
In particular, the study of wave characteristics (period, wavelength and significant height) is essential for the
design and conservation of coastal and offshore infrastructures. Monitoring and even predicting the height of
sea waves is therefore crucial for maritime economic activities such as transport and marine risk assessment
(Cousins et al., 2014; Von Storch et al., 2015). The prediction of sea waves is also of considerable importance
for the safety of navigation (Niclasen et al., 2010). Since wave characteristics depend on weather conditions,
and, in especially on wind direction and velocity, and since without knowing the initial weather condition it is
not possible to predict future wave development, experimental data are fundamental for the initialisation of
numerical forecasting models and become particularly important near the coast, where the relationship between
wind and waves is influenced by the local conformation of the seabed and coast and the presence of
infrastructures. Therefore, experimental data are essential in wave forecasting in basins such as the
Mediterranean Sea, where specific problems are encountered due to the complexity of the orography, which
in turn implies strong local weather characteristics, and the complex bathymetry and limited extent of the fetch.

It is therefore necessary to analyse long-term time series for climatological studies and to find real-time data
to achieve high levels of forecasting accuracy (Novak, 2015). In order to obtain long time series, observation
networks consisting of different interconnected systems become essential to cover as large an area as possible.
For weather forecasting worldwide, the Global Observing System (GOS) is composed by a multitude of
individual surface- and space-based observing systems owned and operated by a plethora of national and
international agencies with different funding lines, allegiances, overall priorities and management processes
(https://public.wmo.int/en/programmes/global-observing-system). The GOS is constituted by different
technologies, such as remote sensing, weather stations, RADAR, LIDAR, radiosondes, radiometers, ocean
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data buoys and diffuse observational networks (Fig. 3.1). At the oceanographic level, the main global network
for oceanographic observations is the Global Ocean Observing System (GOOS; https://www.goosocean.org/)
focused on building a system to support climate science and be the observational backbone for operational
forecast systems.

Fig. 3.1. The modern observing network (Global Observing System, GOS) for collecting data for weather forecasts
(www.wmao.int).

In the case of wave prediction, however, the possibility of acquiring real time data and over sufficiently large
areas is generally reduced and relies mainly on remote sensing, by satellite-based instruments, such as
altimeters. However, many satellite data are not always available near the coast and under an overcast sky, as
is typically the case during extreme precipitation (Pensieri et al., 2018). Data deriving from other monitoring
system, such wave buoy, are generally used to independently check the quality of modelled wave parameters.
This is because buoys and similar systems provide wave data at single point or limited area and do not
guarantee a constant supply of data. Wave buoys are floating devices anchored to the seabed, moving with the
sea waves, and measuring this movement through sensors such as accelerometers and tilt sensors (Zhu et al.,
2016). Their low use is because their installation, maintenance and management at sea are historically difficult.
In addition, the continuous acquisition of buoy data is often subjected to problems in the radio transmission of
the signal between the buoy and the shore station, and also to system malfunctions in general (e.g., buoy
unmooring, breakdown of radio transmission/reception equipment, breakdown of storage media,
breakdown/malfunctioning of power systems, scheduled maintenance operations, etc.) that generate data loss
and fragmentation of the dataset (Fig. 3.2; O'Connor et al., 2013; Samiksha et al., 2015). Data disruption has
a negative effect not only on programs that require real-time information [such as Physical Oceanography Real
Time System ("PORTS") of the National Oceanic and Atmospheric Administration's (NOAA), that provides
data including sea wave height, for navigation], but also on the statistical analysis of the data and thus, for
example, the estimation of average sea wave height and extreme conditions needed for sediment transport
studies, structure design and other applications (Londhe and Panchang, 2007). Finally, the wave buoy provides
punctual data of wave characteristics (Eulerian measurements), which are therefore representative of a
relatively small area, and this constitutes a limitation especially in sea basins characterised by a complex
morphology, as in the case of the Ligurian Sea.
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Fig. 3.2. Example of fragmentation in the coverage of data recorded by wave buoys (India; Samiksha et al., 2015).

In the last decades, in order to compensate for the lack of data from wave buoys, alternative methods for the
assessment of sea wave parameters have been proposed, such as those based on numerical modelling
(Mentaschi et al., 2013, 2015; Niclasen et al., 2010), microseism analysis (Ardhuin et al., 2012; Bromirski et
al., 2005), and High Frequency (HF) radar systems. The former aim to determine wave parameters through
numerical modelling of sea wave propagation forced by atmospheric conditions, microseism analysis consist
in relating sea wave characteristics to microseismic energy, and radar systems measure wave parameters
exploiting the emission of a signal and its reflection by the marine surface. The advantages of using these
alternative monitoring systems lie in the fact that they are either mathematical (in the case of models) or based
on structures installed on land (as in the case of seismic networks or radar systems) and therefore do not suffer
from the difficulties generated by being at sea. In the case of seismic networks, the further advantage lies in
the fact that these networks are generally already existing and widespread on the territory and, therefore,
exploiting them also for monitoring sea waves would also allow economic savings in addition to having a wide
territorial coverage. However, buoy measurements remain of fundamental importance for assessing the
reliability and accuracy of the results obtained from the application of hindcasts (databases derived from
statistical calculations that determine the likely past conditions, such as sea wave characteristics, at a given
location and time), microseisms and HF radar systems.

Over the last twenty years, wave simulation models have become indispensable tools for sea state predictions
in both scientific and engineering fields. Among the various spectral wave models available, the WAM (WAve
prediction Model) is the most widely used; another popular model for wave simulation is the SWAN
(Simulating WAves Nearshore). SWAN is a latest-generation model that describes the evolution of the energy
density spectrum under arbitrary wind, current and bathymetry conditions. Its physical implementation and
numerical calculation algorithms have been developed and designed precisely to overcome the traditional
difficulties encountered in applying a wave model in shallow coastal areas (Booij et al., 1999; Bargagli et al.,
2011). The continuous efforts made in recent years to improve the different aspects of wave simulations in
closed basins or marginal seas, such as the Mediterranean Sea, have resulted in a better representation of local
wave dynamics. In particular, Ardhuin et al. (2010) have achieved significant progress in this direction through
the introduction of new source terms (parameters characterising the source) for wave growth and dissipation.
Originally, these source terms were developed to reproduce in the WAVEWATCH 111® (WWI11) model the
growth and dissipation description of the wave already present in the WAM model. An innovative contribution
by Ardhuin et al. (2010) consists of a new term to describe the dissipation of the long sea (swell) as a function
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of wind friction speed. Comparisons between the model results and observations from satellites and buoys
indicated a significant improvement in the simulations on a global scale. Mentaschi et al. (2015) evaluated the
performance of the WWIII numerical model in the Mediterranean Sea, constrained by the Weather and
Research Forecasting (WRF) atmospheric model, generating a hindcast dataset over a period between 1979
and 2017.

Microseisms include all ground movements detectable with seismographs and due to various causes with
different characteristics depending on their origin. Depending on the origin, the nature of the associated elastic
waves varies. There are microseisms due to wind, traffic, mechanical actions on the ground (as for example in
industrial areas), sea waves, sea waves breaking on rocky coasts, rain and generally large weather disturbances
(Giorgi and Rosini, 1950). Microseisms due to wave motion are characterised by periods between about 2 and
40 seconds and, in general, it is possible to distinguish them into two different types: the primary microseism
is directly generated by the variation of pressure induced by the waves on the seabed (with shallow water) and
has the same period (8-20 s) and the same frequency (0.05-0.1 Hz) of the sea waves that generate it; the
secondary microseism, instead, is characterised by a frequency that is about twice that of the sea wave (0.1-
0.5 Hz) and a period that is half that of the sea waves (3-10 s), and is generated by the fluctuation of the
pressure on the seabed caused by the interaction of two waves of the same wavelength that move in opposite
directions (Davy et al, 2014). Within the complex of secondary microseisms, it is possible to distinguish
between long-period microseisms (frequency 0.085-0.2 Hz) produced by distant sources (e.g., ocean swells)
and short-period microseisms (frequency 0.2-0.5 Hz) generated by near-shore sources (e.g., local wind waves)
(Bromirski et al. 2005). The main component of secondary microseisms is the Rayleigh surface elastic waves,
which travel within the surface of the seabed and whose low attenuation allows the microseism to travel long
distances (Roux et al., 2005), thus allowing the recording of events produced over long distances such as ocean
storms. In 1999, Bromirski et al. presented a study based on the correlation between the measurements made
by a wave buoy and those of a seismograph along the California coast; in this study, the Authors demonstrated
that elements of the sea wave climate can be accurately reconstructed using data from the seismograph present
in the coastal hinterland. Indeed, the details of the seismic wave spectrum contain the details that characterise
the sea waves that generate them; these, in turn, are derived from the characteristics of wind fields and coastal
reflections (Ardhuin et al., 2011). It is therefore possible from the analysis of the seismic wave spectrum to
trace the height of the sea wave. A positive aspect of exploiting seismic data is to take advantage of existing
networks of seismic stations that are already present in the area, cover a wide part of the territory and provide
fewer maintenance problems.

A further step forward in technologies applied to the real-time measurement of sea waves is the application of
coastal radars, which have developed over the last twenty years and is now in full swing. The term "radar"
originates as an acronym for “RAdio Detection And Ranging" and defines a device that transmits a radio-
frequency signal (typically in the microwave range) towards a target that reflects the signal and produce an
echo; the distance to the target can be calculated from the time it takes for the reflected signal to reach the
antenna. In a coastal radar system, the target is represented by the sea waves propagating on the surface of the
coastal basin. Short-wave HF coastal radars, positioned along the coast, emit radio signals (8-37 MHz) which
are transmitted in the direction of the sea and reflected by the sea waves. The rippled surface of the sea thus
acts as a large reflection-diffraction grating for electromagnetic waves. Since the waves are never stationary
but travel radially as they approach and recede from the radar, the reflected signal returns at a different
frequency from the transmitted one, and in particular, this frequency increases for approaching wave trains and
decreases for receding ones. The analysis of the backscatter spectrum of these waves, thanks to the Doppler
effect, makes it possible to obtain maps of the surface current and sea waves (Bué et al., 2020; Rubio et al.,
2017). The application of coastal radar allows accurate and precise wave measurements with good resolution
(from 250 m to 15 km depending on the specific application), continuously (typically one measurement every
hour) and in real time, in any weather condition and covers sea areas extending kilometres (Mantovani et al.,
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2020; Orasi et al., 2018). At the end of 2016, there were 400 coastal radars installed worldwide, while more
than 50 radar systems were deployed in Europe (Mader et al., 2016). Currently, a good number of radar systems
have been installed or are being planned and prepared, also along the Ligurian Sea coasts, thanks to European
Projects such as SICOMAR (Marine control system), SICOMAR plus (Cross-border system for maritime
safety against maritime hazards and protection of the marine environment) and IMPACT (Port impact on
marine protected areas: cross-border cooperative actions).
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4 Sea state characteristics of the Ligurian Sea

The Mediterranean Sea, due to its nature of semi-enclosed basin, shows a large variety of wave climate
features. This variability is mainly governed by the highly diversified weather characteristics active on the
different sub-basins (Sartini et al., 2017). In particular, complex mechanisms involving severe atmospheric-
climatic forcing and local land configuration of the sub-basins forcing the air masses and favouring the
formation of cyclogenesis systems make the Mediterranean Sea one of the most active regions of the Northern
Hemisphere in terms of weather and wave seasonal variability (Orfila et al., 2005; Sartini et al. 2017; Trigo et
al., 2002). In the north-western Mediterranean Sea, the Ligurian Sea, and especially the Gulf of Genoa, is a
preferred site of cyclogenesis together with the Gulf of Lion. The presence of the mountains (the Alps) near
the coast is a key factor in the climatic characteristics of the Ligurian Sea (Carniel et al., 2012; Lionello et al.,
2006; Orfila et al., 2005) because they play a decisive role as boundaries for the atmospheric pressure and
wind distribution over the basin. Cyclones are a constant feature over the whole year on the Ligurian Sea
(Lionello et al., 2006) but they are generally deeper and more frequent in winter than during the other seasons
(Trigo et al. 2002).

Cremonini et al. (2021), basing their study on a 37-year dataset of wind and wave hindcast covering the entire
Ligurian Sea at 10-km resolution, described the characteristic wave climate that affect the Ligurian coast: in
Fig. 4.1 it can be appreciated how the waves in front of Genoa propagate from three main directions, i.e. NNW,
SWS and SSE. From the polar plot, it is possible to see also that the highest significant wave heights are from
SWS and NNW. Sartini et al. (2017), analysing the same hindcast dataset of Cremonini et al. (2021), confirmed
that the combination of the NW and SW wind regimes are responsible for the development of severe sea states
in the Ligurian Sea (Fig. 4.2), where swell sea conditions are frequent. It must be pointed out that due to the
conformation and the southern exposure of the Ligurian region, while strong winds and swells from the N only
affect the open sea, sea storms from the southern quadrants also affect the coasts. From Fig. 4.2 it is possible
to see how the maximum wave height characteristics are different between the eastern and western Liguria
(exposed to the SW and SE quadrants, respectively), precisely because of the arched shape of the region.

Finally, Sartini et al. (2017) pointed out that the most energetic sea conditions occur mainly during the winter
from December to March in the western Mediterranean basin, but that they are also constant and temporally



spread throughout the year, as suggested by the frequent and intense storm events documented in the Ligurian
Sea in spring and autumn (Lionello et al., 2006).

In a recent and detailed study on the changes in wave climate, Amarouche et al. (2021) pointed out that an
increase in the coastal storm intensity has occurred in recent decades and that the Mediterranean Sea is
identifiable as a climate change hotspot for the coming decades. They elaborated a study on the last 41 years
wave observation in the western Mediterranean Sea and highlighted that the outstanding storm observed in
October 2018 (the Adrian Storm), which caused enormous damage to the Ligurian coasts, was a hew record
in the significant sea wave height in the Ligurian Sea (Fig. 4.3). Evidence such as that provided by Amarouche
et al. (2021) further highlights how important the study of wave regime in a basin is and how important it is to
have as much wave data as possible available to understand how the climate evolves and how to protect the
coastline.
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Fig. 4.1. Polar plot of the 1979-2018 time series of significant sea wave height (Hs) in the area of Genoa (Cremonini et
al., 2021). It is recalled that wave direction is the incoming direction.
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Fig. 4.2. Absolute maxima of significant wave heights (top) and corresponding mean period (centre) and mean direction
(bottom) in the Mediterranean Sea (Sartini et al., 2017).
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Fig. 4.3. Spatial distributions of the annual new records of significant wave height between January 2010 and 2020 (top)
and the differences between the maximum significant wave height observed from 2010 to 2020 and those observed
from 1979 to 2010 (bottom)(Amarouche et al., 2021).
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5 Microseisms for sea wave height estimation

The seismic noise recorded by a seismic station is the result of the temporal superposition of different signals
from largely unrelated and spatially distributed sources. Noise-producing sources are all those that interact
with the earth's crust or the ground in such a way as to generate elastic waves that propagate in every direction.
Sources that can generate seismic noise are generally divided into natural (weather phenomena such as wind
and ocean waves) and anthropogenic (cultural noise: vehicular traffic, use of industrial machinery, etc.; Fig.
5.1) and are characterised by different frequencies at which they develop: at frequency <1 Hz, sources are
essentially natural (ocean, weather conditions on large-scale); at high frequencies (>5 Hz), sources are
anthropogenic; and at intermediate frequencies (between 1 and 5 Hz) sources can be natural (local weather
conditions) or anthropogenic (urban noise; Bonnefoy-Claudet et al., 2006). Vibrations at low frequencies (<1
Hz) are called “microseisms”, while those at high frequencies (>1 Hz) are called “microtremors”. Spectral
analysis is the first and fundamental step in identifying the characteristics and content of the seismic noise
signal (Marzorati, 2007).
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Fig. 5.1. Schematic classification of various kinds of events which generate seismic waves (from Bormann et al., 2009).
In yellow, the seismic noise sources.

Already at the turn of the 1940s and early 1950s, Longuet-Higgins and Ursell (1948), Longuet-Higgins (1950)
and Gutemberg (1951) claimed that the strongest peaks of the seismic noise are represented by microseisms
and are generated by two mechanisms involving sea-bottom interaction. In fact, microseisms are originated by
atmospheric energy in the form of storms over the oceans that coupled into the water column via the generation
of ocean swell, is transmitted to the seafloor, and then travels as elastic waves at the seafloor (Ebeling, 2012).
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Microseisms are divided in primary and secondary microseisms related to the different types of interaction of
the sea waves with the coast that produce them.

The primary microseisms are generated by surface waves incident on a sloping bottom in shallow water and
have periods similar to the main sea swell (10-20 s) and frequency equal to that of the sea waves responsible
for their generation (Fig. 5.2 and Fig. 5.3). Sea waves may travel great distances before primary microseisms
are generated (Ebeling, 2012).

The secondary microseisms are generated only when ocean wave trains of the same frequency that travel in
opposite directions meet. They are originated by the nonlinear interaction between direct and reflected swell
waves that result in depth-independent half period (5-10 s) pressure variations with amplitude proportional to
the product of wave amplitudes, and frequency double that of the opposite waves trains (Fig. 5.2 and Fig. 5.3).
Opposing wave trains can be generated at or near storms in deep or shallow water; in this case energy is
transported from the storm to a receiving station via microseisms. Another generation mode is in shallow water
when an incoming wave train meets waves reflected from the coast; in this case, it is primarily ocean waves
that transport the energy. Both generation modes may be active for any particular storm (Ebeling, 2012).
Generally, the secondary microseisms are the strongest peak in the microseism noise spectrum.

( a ) ATMOSPHERE ( b) ATMOSPHERE

Wave train
frequency W

standing
wave field
Wave train Wave train
frequency w frequency w
amplitude a4 amplitude ap

2nd-order pressure variation
2a,a,w?cos(2wt)

Interaction of waves
and shoaling sea floor

primary microseisms
generated with frequency @

secondary microseisms
generated with frequency 2w

CRUST

Fig. 5.2. Schemes of the microseism generation mechanisms of (a) secondary microseisms and (b) primary microseisms
(Ebeling, 2012).
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Fig. 5.3. Summary of the ocean signature on seismic energy recorded at Atlantic shoreline stations by Beucler et al.
(2015). The seismic energy for periods lower than 2 s (blue area) is due to the wave breaking on cliffs or in swash areas;
secondary microseisms generated in open ocean by opposite-waves trains prevail in the period band of 2.5-5 s (striped,
green area); secondary microseisms generated in shallow areas prevail in 5-10 s band (green area); primary microseisms

prevail in the 10-20 s period band over the 0.1 Hz frequency band (red area).

Thanks to their formation mechanism, the secondary microseisms can be associated with cyclonic depressions
or a depression that is moving with the same velocity of the waves generated by it. These storms can be
generated and can move over waters of any depth, thus allowing secondary microseism generation in deep
waters. Moreover, the secondary microseisms can also be generated in shallow waters when conditions
favourable to opposing wave train formation exist, such as when reflected swell interacts with incoming swell
at coasts (Ebeling, 2012). Therefore, the site of secondary microseisms generation can be either in open
sea/ocean or near the coast. The prevalence of one mechanism over the other does not seem to be definable,
since different behaviours were observed in different sites in the world and at different moments, and seem to
be dependent on different factors, such as the site geology, bathymetry, coastal geometry, or water depth
(Beucler et al., 2015; Bormann et al., 2009; Li, 2018).

Starting from 1999, Bromirski et al. showed that elements of the wave climate can be accurately reconstructed
using near-coastal inland broadband seismometer data. Due to the correlation between microseismic spectral
power and ocean wave height and period, microseismic observation can be used as a tool to study local sea
states. The authors proposed a site-specific, empirically derived seismic-to-wave transfer function applicable
to seismic data recorded by seismic stations from the same location and demonstrated that ocean wave heights
can be estimated from near-coastal broadband seismometer data.

Since the study of 1999, Bromirski and co-Authors have continued to explore this issue (Bromirski and
Duennebier, 2002, Bromirski et al., 2005) and other several authors have deepened the research on the
relationship between storms and sea-wave properties and microseismic signal (Ardhuin et al., 2012; Gualtieri
et al., 2013; Obrebski et al., 2012; Stutzmann et al., 2012; Sufri et al., 2014; Xiao et al., 2018) due the
complexity of the non-linear and frequency-dependent energy transfer between the atmosphere and the ocean
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and the resulting transfer between the ocean and the solid Earth (Gualtieri et al. 2018). These studies were
addressed to the determination of both the sea wave characteristics in real-time (on the base of short-period
dataset) and the remote wave-climate and the reconstruction of sea states in the context of climate changes (on
the base of long-period dataset; Zupo, 2015). Several authors proposed empirical functions and site-specific
models of sea wave height restitution starting from microseismic signal analysis (Bromirski et al., 1999;
Ardhuin et al., 2012; Cannata et al., 2020; Neale et al., 2017).
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6 Application of microseism to the sea wave height estimation in the Ligurian Sea (Italy)

The first step in the study of the relationship between sea waves and microseism in the Ligurian Sea was carried
out by Ferretti et al. (2013). They started their study on data from the October-November 2008 period and
discussed the results comparing microseism data to sea wave data measured by the Cote d’ Azur buoy (Météo-
France) in the January-February 2012 period. Authors proposed an empirical law to estimate the significant
sea wave height as a function of the vertical component of microseism:

,'I froax 7 .
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where Hysis the significant sea wave height, 2/T|Sm(f)| is the power spectral density (PSD) of the microseism,
T is the time of the window considered, a, b, fmin and fmax are the four unknown parameters of the estimation
model. From the data available to them, Authors selected the ‘best-fitting model’ corresponding to:

M = ( finin: fonaes @, b) = (0.24,0.78, 9.48, 0.66).

The second step was the study entitled Applicability of an empirical law to predict significant sea-wave
heights from microseisms along the Western Ligurian Coast (Italy) (Ferretti G., Scafidi D., Cutroneo L.,
Gallino S., Capello M., Continental Shelf Research 2016 122: 36-42. https://doi.org/10.3390/jmse9030319).
In this study, Authors started from the model of Ferretti et al. (2013) and presented an updated procedure that
utilises microseisms recorded by five seismic stations to estimate the significant sea wave height in the western
Ligurian Sea. The calibration and validation of the procedure was performed using sea wave data obtained
from the wave buoy of Capo Mele (ARPAL) in the June-December 2012 period. The calibration procedure
therefore consisted of finding the four unknown parameters of the estimation law of Ferretti et al. (2013)(a, b,
fmin and fmax) that best allow to estimate the wave height measured at the Capo Mele buoy. Authors calculated
the mean of the significant sea wave height values estimated from the microseism recorded at each station to
provide the final data of significant sea wave height:

nsta
1

Hbf'stz Hm.
113 1sra — 13

where nsta is the number of stations in the seismic network (in this case, five stations) and Hys" is the
significant sea wave height obtained from the microseism recorded at the seismic stations. The results indicated
that the differences between the significant heights measured by the Capo Mele buoy and the empirical
procedure were less than 10 cm (corresponding to 10% of the mean measured value) for 47% of the data and
less than 20 cm (corresponding to 20% of the mean measured value) for 72%.

The evolution of the study continued with the manuscript Near real-time monitoring of significant sea wave
height through microseism recordings: An application in the Ligurian Sea (Italy) (Ferretti G., Barani S.,
Scafidi D., Capello M., Cutroneo L., Vagge G., Besio G., Ocean and Coastal Management 2018 165: 185-194,
https://doi.org/10.1016/j.ocecoaman.2018.08.023) that was the starting point of the Ph.D. project. In this paper,

15



Authors proposed an automatic procedure for near real-time monitoring of significant sea wave height. This
procedure used the microseism recordings provided by the network of nine seismic stations in Liguria to
monitoring the sea wave height at five specific points (hindcast nodes) along the coasts (Fig. 6.1). Authors
developed the procedure using a series of linked empirical estimation models, each calibrated for a specific
wave height interval using hindcast data from the Ligurian Sea as sea wave height reference. The reference
period of this study was between 1 January 2013 and 1 June 2014. The scheme summarising the functioning
of the procedure is shown in Fig. 6.2. The procedure operation can be summarised as follows: the base model
evaluates sea wave height at each seismic station and returns the mean value with the standard deviation (step
4 of Fig. 6.2); if the obtained sea wave height value (step 5 of Fig. 6.2) is lower than the 1-m threshold, the
procedure eliminates the values resulting from teleseisms and returns the final sea wave height value (step 6);
if the sea wave height value obtained is equal to or exceeds the 1-m threshold, the model calibrated on the
values of sea wave height >1m intervenes and returns a new mean sea wave height; if the new sea wave height
value is lower than 1.5 m, it is considered as valid and filtered by the eventual teleseisms; otherwise, the model
calibrated on the sea wave height 21.5 m intervenes, and so on up to significant heights greater than or equal
to3m.
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Fig. 6.1. Ligurian Sea and location of seismic stations (blue squares) and reference sea points (hindcast nodes, red
triangles) considered in Ferretti et al. (2018).
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Thanks to the application of statistical analysis and comparison with the hindcast data, the Authors highlighted
that errors in the wave height measurement tend to be concentrated within two standard deviations of the mean,
and that estimated wave heights fall within a few centimetres of the reference hindcast values. Only in very
few cases, they have found discrepancies larger than 50 cm. For the final verification of the reliability of the
estimated data, these were compared with those recorded by the wave buoy of Capo Mele. The results of the
comparison showed very good agreement between observations and evaluations, with residuals rarely
exceeding 40 cm. Overestimates of the buoy observations of more than 50 cm and underestimates of more than
20 cm have been observed very occasionally.

One of the main strengths of the procedure proposed by Ferretti et al. (2018) is that it exploits data from seismic
stations, i.e. stations located on the territory and which, unlike wave buoys, are not subject to frequent damage
and require much less maintenance than buoy, guaranteeing almost continuous temporal coverage. Thanks to
the diffusion of the stations over the territory, the method also allows for extended spatial coverage, unlike the
data measured by a buoy which have a purely punctual nature.

Consequently to this study, an internet page (Seism4Sea) for the visualisation of the estimated sea wave heights
has been created (and continuously updated) on the DISTAV website
(http://www.distav.unige.it/rsni/seism4sea.php), with links also from the MeteOcean webpage dedicated to the
study of the ocean on the DICCA website (http://wwwa3.dicca.unige.it/meteocean/wave_forecast.html). In this
webpage, it is possible to see the significant wave height "measured"” by the microseisms in real time (Fig.
6.3), and to print or save the image of the displayed sea wave height profile.
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Fig. 6.3. Extract from the Seism4Sea webpage.
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7 Extreme sea storm of 2018 and paper published

In the context of the application of microseisms to the monitoring of the sea wave heights (Hs) in the Ligurian
Sea, and the application and validation of the procedure provided by Ferretti et al. (2018), the extreme sea
storm that occurred in the Ligurian Sea on 29 October 2018 (Adrian Storm) was taken into consideration by
the Ph.D. project. In fact, despite its peculiar and rare (for the Ligurian basin) characteristics of Hs (maximum
wave height 9.6 m and peak period 11.7 s measured from the Capo Mele buay), it did not produce an equally
energetic microseism and therefore generated an underestimation of Hs by the applied procedure. The
refinement of the estimation model has allowed the production of a mathematical element that, thanks to the
introduction of weather parameters (wind and atmospheric pressure), intervenes when the microseism is not
energetic, and can therefore avoid underestimating Hs even in the case of an exceptional sea storm equivalent
to that of 2018.
In order to obtain the final version of the manuscript, the study underwent numerous revisions that made it
possible to:

- deep investigate the characteristics of the storm;

- focus on the most influential weather parameters characterising the storm;

- identify the most significant wave parameters during the storm;

- apply appropriate statistical analysis;

- insert a corrective element in the estimation procedure.

Journal of Marine Science and Engineering 2021, 9: 319

Near Real-Time Monitoring of Significant Sea Wave Height through Microseism

Recordings: Analysis of an Exceptional Sea Storm Event
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2 DICCA, University of Genoa, 1 Via Montallegro, 1-16145 Genoa, Italy.
https://doi.org/10.3390/jmse9030319

Abstract

Microseisms are used to estimate significant sea wave heights (Hs) in different parts of the world
and also during extreme events (e.g., typhoons and hurricanes), as they are generated by the effect
of sea waves on the sea bottom and are strictly related to the wave height. On 29 October 2018,
an exceptional sea storm event (the Adrian storm) occurred in the Ligurian Sea (NW
Mediterranean Sea), producing severe damage to coastal constructions and infrastructures.
However, the microseism measured at seismic stations located near the coast did not show
equivalent high energy, thus resulting in a severe underestimation of the Hs predicted. In the
present study, the Adrian storm was compared to other sea storms that have occurred in the
Ligurian Sea in recent decades. The aim of this paper is to statistically examine the distinctive
peculiarities of the Adrian storm in order to find new parameters to insert in the empirical models
used in the procedure recently implemented for monitoring of Hs through microseism recordings
in the Ligurian Sea, improving the effectiveness in Hs estimates in cases of extreme events that
do not produce high-energy microseisms. The results show that the additional parameters to be
taken into account into the predictive model are the atmospheric pressure gradient and the wind
intensity. A correction term is finally proposed and applied to the predictive model to significantly
reduce the Hs underestimation.
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1. Introduction

Sea wave height is one of the most relevant sea parameters to the monitoring and protection of
coastal areas and to mitigation of marine risk associated with the occurrence of strong sea storm
events. The study of the wave characteristics, such as wave period, wavelength, significant wave
height, and return period of sea storm, is essential for the design of offshore and coastal
infrastructures, such as oil platforms, wind farms, breakwaters and artificial reefs, and for their
conservation [1,2]. Due to the impact of sea waves on economic activities, a great effort has been
made in the last decades to develop methods for direct sea wave height measurements using wave
buoys. Nonetheless, wave buoys are typically very expensive and problematic, especially
regarding their installation and maintenance. Moreover, they usually provide discontinuous data
(e.g., due to temporary damage) with poor spatial resolution (due to the low density of monitoring
stations in sea areas). Most common alternative methods are based on numerical modelling [3,4],
remote sensing [5-7], coastal radars [8,9], and microseism recordings [10-15].

Microseisms are produced by the pressure exerted by sea waves on the sea floor and propagate in
the surface layer of seabed for hundreds of kilometres thanks to their low frequency content,
which typically ranges between 0.05 and 0.5 Hz. Microseisms are classically divided into primary
and secondary microseisms. Primary microseisms cover the same frequency range of ocean
swells, between 0.05 and 0.1 Hz, and are generated by pressure variation induced by sea waves
on the seabed in coastal areas. The secondary microseism shows half the period of ocean waves
(3-10 s), corresponding to frequencies between 0.1 and 0.5 Hz. Its origin is associated with the
interference of waves of similar periods but opposite directions. In this last category, three
different classes of microseism are recognised: (I) microseism generated by a rapidly moving
large storm system with wind and waves in many directions (including opposing waves); (I1)
microseism generated by reflection of sea waves impinging on the coast; (IIl) microseism
generated by two opposing wave systems—that is, a wind-sea opposing a swell or two opposing
swells. An exhaustive description of the theory behind the relationship between sea waves and
microseisms is presented by Ardhuin et al. [16].

Microseisms have been used to estimate the significant sea wave height (Hs) since the 1990s and,
nowadays, microseism-based predictive models are applied in different parts of the world [16—
18]. Recently, Ferretti et al. [15] have also proposed a procedure for near real-time monitoring of
Hs, with application in the Ligurian Sea (north-western Mediterranean Sea). This procedure uses
the microseism recorded by the stations of the Regional Seismic network of north-western Italy
(RSNI) [19] to monitor Hs at different target sites using a set of predefined models that are selected
within an iterative scheme. All predictive models, each of which covers a specific wave height
range, were calibrated from separate sets of Hs extracted from an 18-month hindcast database for
the Mediterranean Sea [3,20]. The Hs values provided by the procedure were obtained by
averaging the Hs values estimated from the microseism recorded at each station. Details about the
multistep automatic procedure can be found in Section 3.2 of Ferretti et al. [15]. Currently, the
procedure proposed by Ferretti et al. [15] is used for the near-real time monitoring of Hs along the
Ligurian coast. The Hs values estimated through microseism recordings can be accessed at the
web page http://www.dipteris.unige.it/rsni/seism4sea.php (accessed on 19 November 2020).
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In recent years, microseism application to Hs prediction in the case of extreme weather events,
such as cyclones, typhoons, and hurricanes [21-26], has largely developed with the aim of
examining the microseism response to such events, and thus to improve standard monitoring
networks.

On 29 October 2018, an exceptional sea storm (hereinafter, the Adrian storm), characterised by
maximum wave height of 10 m and peak wave period (Tp) of 11 s [27], occurred in the Ligurian
Sea (Figure 1), causing extensive damage to coastal assets and infrastructures along the Ligurian
coast. The urban development of the Ligurian Region, as well as of many other Mediterranean
regions, is mostly concentrated near the coastline, protected by few physical barriers—this is how
extreme sea storm events can strike infrastructures, such as ports, roads and railroads, or
commercial properties, such as restaurants and beach resorts located on the beaches [28]. The
Adrian storm has caused considerable damages in both the eastern part of the Ligurian Region,
such as, for example, to port structures and coastal roads, and in the western part of the region,
such as damages to beaches and bathing establishments. Fifty-seven out of 63 Ligurian coastal
municipalities have applied to the National Civil Protection for aid to deal with the damage caused
by this storm [29]. Because of the consistent amount of damage, the Adrian storm represents one
of the most significant events in the Ligurian Sea.
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Figure 1. Location of the Imperia seismic station (IMI; large green square), the other Regional Seismic
network of northwestern Italy (RSNI) seismic stations located near the Ligurian coast (small green squares)
and the two buoys (Capo Mele-Italy and Cote d’Azur—France; blue and orange triangle, respectively)
considered in this study. The tide gauge station of Imperia Porto Maurizio and the weather station of the

Seismic and Meteorological Observatory of Imperia are located in the city of Imperia. Red line shows the
coastal area affected by damages.

Despite these characteristics, the microseism recorded at several seismic stations of the RSNI
network located along the Ligurian coast and in the hinterland did not show equivalent high
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energy, with a consequent underestimation of the sea wave heights derived by Ferretti et al.’s [15]
procedure. Thus, the Adrian storm offered the rare opportunity of analysing the characteristics of
the microseism produced by this type of event and, therefore, to make a first attempt to understand
why the use of microseism recordings could fail to estimate the Hs during extreme events. The
aim of this study is to firstly identify and examine the distinctive peculiarities of the Adrian storm
in order to improve future Hs estimations in the Ligurian Sea using additional informative
parameters derived from other marine and weather observations (i.e., storm surge and atmospheric
pressure). Since the Adrian storm has shown that predictive models based only on microseism
data could not be completely effective for monitoring Hs during extreme storms, an empirical
correction term is proposed here. Such a correction term has been applied to the predictive models
proposed by Ferretti et al. [15], allowing for a significant reduction in the underestimation of the
Hs observed during the Adrian storm.

2. Study Area and General Features of the Adrian Storm

The study area (Figure 1) is the coastal part of the Ligurian Sea in the western Mediterranean Sea.
The Ligurian Sea has a narrow continental shelf (with an average distance from the coast of 10
km) with steep slope incised by submarine canyons located along the main waterways of the
region [30]. The Ligurian coast (about 330 km long) has steep arch-shaped mountains interspersed
with wide valleys that control and channel the air movements. In the Ligurian Sea, the most
frequent and significant sea storms are generated by winds from SE (Sirocco), SW (Libeccio),
and NW (winds coming from the Gulf of Lion in cyclonic rotation; “short” Libeccio). These
winds are usually related to perturbations from the Atlantic Ocean and Gulf of Lion, which carry
strong, humid, and warm winds. These morphological and meteorological characteristics imply
frequent events of heavy rainfall and rough sea and make the Ligurian Sea one of the most active
areas of cyclogenesis in Europe [31-35], with strong and very rapid changes in weather
conditions. In the past, the most destructive sea storms occurred in 1898 and 1955 (sea state > 7
of the Douglas Sea Scale), causing severe damage to the structures and vessels in the Port of
Genoa [36].

On 27 October 2018, a deep trough between the Arctic Ocean and North African coasts was
established on the Iberian Peninsula, and then moved eastwards and hit the whole Italian
peninsula, causing an intense SW flow in the mid-troposphere and an SE flow in the lower layers.
On 29 October, the cyclogenesis on the Gulf of Lion has deepened and the flow on the eastern
edge of the cut-off was intense and from S, with a consequent recall of hot and humid air of
African origin in the central Europe. In the Ligurian Sea, in the early hours of 29 October, a V-
shape structure developed. It was characterised by a strong, self-regenerating convective activity
with a high vertical development, which stationed on the basin for several hours. The convective
activity was characterised by the continuous formation of new storm cells produced by the
downdraft in the opposite direction to the main flow, which therefore caused the persistence of
thunderstorm phenomena on the basin. This structure was generated by several factors: the strong
flows from SW at high altitude due to the tiling on the western Mediterranean Sea, the presence
of a high quantity of water vapour, a high convective available potential energy, and high values
of equivalent potential temperature.

In the afternoon of 29 October, the entire Italian territory was affected by the passage of a cold
front coming from W, along which a squall line (a very intense thunderstorm line) developed,
accompanied by intense precipitation and numerous lightning strikes along the cold front line.
This complex scenario brought very low-pressure values (~978 hPa; Figure 2) which, combined
with strong S winds, caused a storm surge phenomenon (i.e., a strong and rapid rise of the sea
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surface elevation) that contributed to increase the effect of the sea storm. At its maximum
intensity, the storm was characterised by wind gusts over 150 km h-1, Hs greater than 6 m,
maximum wave height of 10 m, and peak wave period (T,) of 11 s. This value of T, is very rare
in a closed sea such as the Mediterranean Sea. The development of the sea wave can be divided
into two phases: a first phase during which the wave direction spanned between 120° and 160°
(from 04:00 to 21:00 of 29 October), followed by a second phase during which the wave direction
was mainly around 200°. In the Ligurian Sea, this shift in wave direction is very common during
storm. In fact, the interaction of the synoptic flows with the complex mountain topography causes
the development of deep orographic lows, usually very dynamic, that, in turn, cause very rapid
transition of winds from SE to SW, with intensity strongly enhanced by coastal effects [37].

Since the night of 29 October, the perturbed system moved NE, leaving space for a gradual ascent
of the geopotential field on 30 October [27,38,39].
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Figure 2. Maps of the mean sea level pressure (hPa, grey lines and colour fill) and geopotential height (m,
black lines) on 29 October 2018 during the Adrian storm [27].

3. Materials and Methods
3.1. Weather and Sea Data

In order to examine the distinctive peculiarities of the Adrian storm to improve the procedure
proposed by Ferretti et al. [15] for monitoring Hs from microseism recordings during strong
marine events, four significant sea storms that occurred in the Ligurian Sea in 2008 and between
2012 and 2018 were analysed and compared to the recent Adrian storm. Specifically, the
considered the events occurred on 30 October 2008 (the sea storm already considered by Ferretti
et al. [13]), 28 October 2012, 10 November 2013, and 25 December 2013 (three sea storms
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occurred in the period 2012—-2018, for which continuous seismic recordings were available for
analysis). All the sea storms considered were generated by strong southerly winds and showed H;
> 3 m. Data of sea wave characteristics, sea level, and atmospheric conditions were collected in
order to highlight differences among these sea storms in terms of sea wave parameters and in
terms of microseism characteristics.

For each selected sea storm, hourly Hs (in m), maximum individual sea wave height (Hmax), wave
direction and T, were collected from buoys installed in the Ligurian Sea. In particular, for the
event that occurred in 2008, we analysed data measured by the Céte d’ Azur buoy (latitude 43.38°
N, longitude 7.83° E, depth of anchoring 2300 m), which belongs to the Meteo-France network
(www.shom.fr (accessed on 19 November 2020)). Concerning the 2012, 2013, and 2018 events,
data measured by the buoy of Capo Mele (latitude—43.92° N, longitude—38.18° E, depth of
anchoring—90 m), which is managed by the Ligurian Environmental Protection Agency
(http://servizi-meteoliguria.arpal.gov.it/boacapomele.html (accessed on 19 November 2020)),
were considered. Sea level (m), atmospheric pressure (hPa), and relative humidity (%) data
measured during the five sea storms were collected from the tide gauge station of Imperia Porto
Maurizio (part of the National Tide-gauge Network; www.mareografico.it (accessed on 19
November 2020)) located 13 km far off the Capo Mele buoy.

Wind direction (° N) and velocity (m s™) were obtained from the Seismic and Meteorological
Observatory of Imperia (managed by the Municipality of Imperia; http://www.
cartografiarl.regione.liguria.it/SiraQualMeteo/script/PubAccessoDatiMeteo.asp (accessed on 19
November 2020)) located 14 km SW off the Capo Mele buoy. The two measuring stations and
the buoy of Capo Mele are not colocated, but given the relatively small distance between them,
the effect of this distance on the results of the analyses is assumed negligible given the
noninstantaneous inertia of the system (i.e., the sea).

All data were sampled hourly.

Starting from the water level records (provided by the station of Imperia Porto Maurizio), the
storm surge series were computed for each of the investigated events. First, the tidal contribution
was predicted through the Tidal Model Driver (TMD) package for MATLAB software (TMD
software v. 2.05, [40]) provided by the Earth & Space Research
(https://www.esr.org/research/polar-tide-models/tmd-software/ (accessed on 19 November
2020)). Then, the predicted tides were taken off the total water level, leading to the tidal residual.
When tides are relevant, it is advisable to split the tidal residual in two contribution, i.e., a low-
frequency and a high-frequency signal, corresponding to the meteorological-induced surge and
the interaction between the tides and the surge [41]. However, given that in the Ligurian Sea the
tidal oscillation accounts to a few centimetres at most over the total water level, we assumed the
tidal residual was driven only by the storm surge.

In addition to the previous data, the distance between the Capo Mele buoy and the minimum of
atmospheric pressure was estimated (in km) for each considered event. This distance can be useful
to explain the oscillation of the microseism amplitude [25], and therefore to explain the relation
between this latter and the Hs generated during the storms.

Finally, a statistical analysis was carried out in order to find the most influential atmospheric
parameters during the Adrian storm. Specifically, the Redundancy Analysis (RDA) [42]
multivariate technique was applied to explain the linear relationship between the explanatory
variables, which are the atmospheric forcing (wind velocity, atmospheric pressure and pressure
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gradient), and the response variables, which are the sea responses to such forcing (storm surge,
Hs, and Tp). For each storm and for each parameter of interest, the analyses were carried out on
ordered time series of 25 hourly samples around the time of the Hmax. Details of the method used
for the RDA analysis are described in Cutroneo et al. [43]. The RDA was performed using the
Brodgar software (Highland Statistics Ltd., v. 2.7.5, 2017).

3.2. Microseismic Data

In this study, we present the results of the analysis of the microseism recorded at the IMI station
(Figure 1), which is the RSNI station closest to the Capo Mele buoy. For all storms, only the
vertical component of the signals was considered.

Following Ferretti et al. [13-15], microseismic data were processed according to the following
steps:

Instrumental correction (deconvolution).

Signal resampling at a frequency of 2 Hz.

Offset and linear trend removal.

Signal windowing into 1 hr windows.

Computation of the Fourier transform for each window.
Spectrogram calculation.

o~ E

The spectral characteristics of the microseism were thus determined through Fourier amplitude
spectra and spectrograms.

4. Results

Following the methods described above, the sea wave parameters (derived from measuring buoys
and microseisms) and atmospheric pressure data were analysed for the five sea storms considered
in this study.

4.1. Microseism Analysis

Figure 3 compares Hs measured by the buoys (red lines) and those obtained using microseism
recordings according to the procedure of Ferretti et al. [15] (green lines). Except for the Adrian
storm (Figure 3e) and for the initial phase of the November 2013 event (Figure 3c), Hs measured
by the buoy and H; estimated by microseism were similar with differences that, on average, are
lower than 0.2 m. During the Adrian storm, the Capo Mele buoy measured Hs greater than 6 m,
which are almost twice the values estimated using the microseism.
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Figure 3. Comparison between the significant sea wave heights (Hs) measured by the buoys (red lines) and
those estimated using microseism recordings (green dotted lines) during the five considered sea storm
events: (a) October 2008; (b) October 2012; (c) November 2013; (d) December 2013; (e) October 2018.
The time window considered is not the same for all sea storm due to lack of data.

Figure 4 shows the characteristics of the microseism recorded at the IMI station during the five
sea storms in terms of the Fourier amplitude spectra for different hourly signal windows and
spectrograms. As already shown by Ferretti et al. [13], the microseism associated with sea storms
in the Ligurian Sea is dominated by frequencies of around 0.2-0.3 Hz, whereas the microseism
controlled by frequencies lower than 0.15 Hz is associated with storms located in the Atlantic
Ocean. For all sea storms considered in the present study, the largest microseism amplitude
concentrates around 0.2 Hz. During the 2008, 2012, and December 2013 events, the spectral

J. Mar. Sci. Eng. 2021, 9, 319. https://doi.org/10.3390/jmse9030319



27

amplitude at 0.2 Hz exceeded, on average, the value of 6x107 m s, reaching values greater than
8x107 m sX. On November 2013, during the sea storm that generated the lowest Hmax (Table 1),
the spectral amplitude of microseism slightly exceeded 4x107 m st and a significant
underestimation of the Hs provided by microseism (up to 1.5 m) has been observed during the
initial phase of the storm (Figure 3c). During the Adrian storm, the spectral amplitude of the
microseism at 0.2 Hz remained nearly below 2x107 m s,

a)
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. 2004710/ 31
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Figure 4. Fourier amplitude spectra (normalised to the duration of the signal) for all one-hour windows in
which each microseism recording was divided (on the left) and spectrogram of the vertical component of
the microseism recorded during the five sea storms under study (on the right). (a) October 2008; (b) October
2012; (c) November 2013; (d) December 2013; (e) October 2018. The time window considered is not the
same for all sea storm due to lack of data.
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Table 1. Weather and sea data for the five sea storm events considered in this study. n.a.: not available.

Mean Wave

Estimated Distance
between the Capo

Sea Storm Period Considered Maximu 'V.'ax.'m“m Peak Sea | Direction Maximum | Minimum Maximum Mele Buoy and the
m Sea Significant : .| of Mean i
Peak for Weather Wave during the Storm Atmospheric . Minimum of
Sea Storm g . Wave Sea Wave . Wind .
(dd/mm/yyyy | Condition Evaluation . . Period Sea Storm Surge Pressure . Atmospheric
. ) Height Height Velocity
hh:mm) (dd/mm/yyyy hh:mm) (Tp, 5) Peak (m) (hPa) 1 Pressure (km) at the
(Hmax, m) (Hs, m) ° (m S ) .
(°N) Maximum Hs
Moment
October 30/10/2008 26/10/2008 00:00 - na 371 na na na na na 99
2008 n.a. 31/10/2008 23:30 - ' - o o o -
October 28/10/2012 22/10/2012 00:00 -
2012 03:00 28/10/2012 23:30 6.37 4.16 9.97 216 0.47 984.3 8.6 88
November | 10/11/2013 05/11/2013 11:00% -
2013 1100 10/11/2013 23:30 6.02 4.02 9.67 340 0.23 1000 9.7 25
December | 25/12/2013 20/12/2013 00:00 -
2013 23:00 26/12/2013 23:30 8.40 5.14 10.5 185 0.29 984.4 11.3 105
October 29/10/2018 24/10/2018 00:00 -
2018 2900 30/10/2018 23:30 9.61 6.08 11.7 246 0.61 977.7 16.1 25

ISignificant sea wave height collected by the Cote d’ Azur buoy [13].
2Data before 05/11/2013 11:00 UTC were not available.
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It is noteworthy that the Hs values estimated using the procedure of Ferretti et al. [15] and reported
in Figure 3 have been computed considering the microseism recordings provided by the RSNI
seismic stations located along the Ligurian coast (the Hs values is calculated by averaging over
the nine stations shown in Fig. 1). The underestimation of the Hs provided by the procedure of
Ferretti et al [15] is due to the low energy of the microseism recorded along the Ligurian coast
during the Adrian storm. In fact, all recordings provided by the other RSNI seismic stations
located along the Ligurian coast (Fig. 1) show microseism characteristics as similar as those
observed at the IMI station. Moreover, the Hs values predicted by microseism show a significant
underestimation at all target sites considered in the Ferretti et al.’s [15] procedure and located
along the Ligurian coast. The predicted Hs values never exceed 3.5 m at any target site while
indirect observations (such as damages to coastal infrastructures) indicate sea waves with
certainly much greater heights along the entire Ligurian coast (see previous paragraphs).

Similar considerations on the microseism energy can be observed from the spectrograms (Figure
4). For the events occurred in 2008, 2012, and 2013, the spectral amplitude values for the
frequencies dominating microseism recordings reached values greater than -65 dB, whereas
during the Adrian storm they rarely exceeded -75 dB.

4.2. Weather and Sea Data Analysis

Table 1 summarises the main weather and sea parameters measured during the five sea storms
considered. The Hmax Spans between 6 m (November 2013 event) and 9.6 m (October 2018 event),
whereas the maximum Hs spans between 3.7 m (October 2008 event) and 6.1 m (October 2018
event). The T, observed during the five sea storms ranges between 9.7 s (November 2013 event)
and 11.7 s (October 2018 event). The maximum storm surge is between 0.29 and 0.47 m for the
2012 and 2013 events, and 0.61 m for the 2018 one. The minimum atmospheric pressure spans
between 970 hPa (October 2018 event) and 1,000 hPa (November 2013 event). The mean wind
velocity reached the maximum value of 11.3 m s for the 2012 and 2013 storms, while reached
the maximum value of 16.1 m s during the 2018 storm. It appears clear that the Adrian storm
has the highest Hs, the highest T,, the highest storm surge, the lowest atmospheric pressure, and
the highest mean wind velocity. The distance between the study area and the centre of the low
pressure indicates two possible group of storms: the first group collects sea storms occurred when
the pressure minimum was very close to the study area with distances less than 25 km (October
2008, November 2013, and October 2018 events); the second group is characterised by distances
greater than 88 km (October 2012 and December 2018 events).

Figure 5 shows the evolution of storm surge, atmospheric pressure, Hs, and mean wind velocity
measured during four of the five sea storms considered (no data are available for the 2008 event).
Noteworthy is the fact that the rapid decrease of the atmospheric pressure values, the strong
increase in wind velocity, and the related large storm surge, were almost simultaneously only
during the Adrian storm. In fact, during the 2012 storm, the minimum of atmospheric pressure
preceded the increase of wind velocity and storm surge, while during the 2013 storms, the increase
in wind velocity preceded the decrease in pressure and the rise of storm surge.

Figure 6 shows the time variation of Hs and the atmospheric pressure gradient for hourly time
windows for the four sea storms. It is evident that the Adrian storm is associated with an
anomalous baric gradient trend, showing a wider and steeper pressure variation occurred in a very
short time.
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Figure 6. Significant wave height (m, black lines) superimposed on the temporal variation of the baric
gradient (hPa, red lines) for hourly time window for a period of seven days around the sea storms of October
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Figure 7 summarises the results of RDA. In this plot, the angles between all vectors reflect their
(linear) correlation. The correlation is equal to the cosine of the angle between vectors. Right-
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angled projections of observation points onto vectors representing response variables approximate
variable values for a given observation. Considering overall the results of RDA, the atmospheric
pressure is slightly more informative in explaining the variability of the sea wave parameters,
followed by the wind velocity. Considering individual parameters, the atmospheric pressure is
positively related to T, and negatively related to storm surge. Focusing on Hs, the most significant
parameter in our study case, Figure 7 shows that Hs is strictly correlated with pressure gradient
and wind velocity. Moreover, data recorded around the maximum development of the Adrian
storm (data between 4 9 and 4_16 highlighted in light blue in Figure 7) are associated with the
highest values of Hs, wind velocity and pressure gradient.

31 3-3“212
4
2 230 A R
T, 218,19 3_14_17-"=
2 8.8 _—-Storr_surge
11
Atm_p 410
Pf‘e,_sx _grad
N 49
4p3
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Wind_vel
1 4 11

I 1 I
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Figure 7. RDA plot showing the relationship between the explanatory variables (Wind_vel: wind velocity;
Atm_press: atmospheric pressure; Press_grad: gradient of atmospheric pressure) and response variables
(Storm_surge: storm surge; Hs: significant sea wave height; Tp: peak period of sea wave). Each event is
indicated using double numbering: the first number indicates the sea storm event (1: October 2012; 2:
November 2013; 3: December 2013; 4: October 2018) while the second one indicates the sample number
(from 1 to 25). The sum of all canonical eigenvalues is 0.34.

5. Discussion

Through the analyses performed in the present study, the distinctive peculiarities of the Adrian
storm have been examined. With respect to the other storms considered, the Adrian storm showed
very peculiar features in terms of microseismic energy and meteorological-oceanic parameters.
Specifically, during the Adrian storm, the pressure gradient has been significantly steeper than
during the other events, and the wind velocity and the storm surge resulted very high values. The
J. Mar. Sci. Eng. 2021, 9, 319. https://doi.org/10.3390/jmse9030319
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microseismic frequency content was akin to the other storms, but its energy has been proved to
be significantly lower, leading to an underestimation of the Hs value provided by the procedure
proposed by Ferretti et al. [15].

The exceptionality of the Adrian storm was confirmed by comparison of its peculiar features with
bibliographic data. For example, storm surge, primarily due to the wind associated with transit or
stationery (24-48 h) low-pressure systems at medium latitudes [44], is generally weak in
semienclosed basins such as the Mediterranean Sea. Ullmann and Pirazzoli [45], who analysed
storm surges measured at three tide gauge stations located along the coast of the Gulf of Lions
(north-western Mediterranean Sea) between 1948 and 2003, found that more than 80% of storm
surges > 0.60 m (as recorded during the Adrian storm) are associated with winds >10 m s, which
mostly contribute to the storm surge peak. Nevertheless, storm surge values > 0.60 m are not
frequent in the Mediterranean Sea, except for areas such as Venice lagoon (north-eastern Italy),
and occur one time per season [45]. During the Adrian storm, the simultaneous strong decrease
in atmospheric pressure and strong increase in wind speed, with a large fetch involving a vast
portion of the Mediterranean, have contributed to the exceptional height of the storm surge.
Moreover, during its peak, the sea waves were characterised by a peak period of 11.7 s, an extreme
value relatively to the Mediterranean Sea. Pasi et al. [46] have observed that, in the period 1998—
2010 (out of our study period), a sea storm characterised by a similar T, occurred only once in the
Ligurian Sea (on 1-2 January 2010) and, in the same 12-year period, they noted that sea storms
with Hs greater than 4.3 m are generally characterised by mean wave periods of about 8.4 s.

Despite its meteorological-oceanic characteristics, the Adrian storm did not produce a high-
energy microseism. As is well known, there is a strong correlation between Hs and local
microseisms [13-15,47], but the generation mechanism of (primary) microseisms requires the sea
surface-waves to interact with the sea bottom—namely, it occurs mainly in coastal areas with
water shallower than half of the wavelength [48]. The correlation between sea waves and
microseisms also depends on the duration of the storm; Traer et al. [48] found that sea waves
typically evolve over a scale of days and that microseism features change with a similar time
scale. Ardhuin et al. [49] found that an atmospheric perturbation that moves quickly and affects
an area of shallow water near the coastline generates a weak conversion of wave-induced pressure
to seismic noise. Therefore, sea waves produced by the Adrian storm had great energy, but their
very rapid development, the position of the pressure minimum very close to the coast, and the
very rapid variation of wave direction (from SE to SW) may have prevented the generation of a
high-energy microseism. It is noteworthy that, a microseism with energy less than expected has
also been observed during the November 2013 storm which developed very close to the Ligurian
coast (see Table 1).

These effects along with a very high storm surge and a very high wind velocity may explain the
nature of the Adrian storm, characterised by very high sea waves but a low-energy microseism.
In summary, during this storm, the exceptional meteorological conditions (i.e., wind velocity and
pressure gradient) and their spatial-temporal trend caused a peculiar response of the Ligurian Sea
(in terms of storm surge, period and height of sea waves), linked to an anomalous microseism.

Although the mechanism of the microseism origin is difficult to discriminate in the Ligurian Sea,
as already highlighted by Ferretti et al. [13], the secondary microseism, being by far stronger than
the primary microseism, is probably the dominant influence on the microseism-based predictive
models proposed by Ferretti et al. [15] for near real-time monitoring of Hs. Therefore, during the
Adrian storm, because of the peculiarities listed above, the generation of a secondary microseism
has been exceptionally low, leading to an underestimation of Hs. Unfortunately, at the moment,
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we cannot suggest any explanation for which the situation is not favorable for generating
secondary microseisms during some storms (such the Adrian one). Following our results, in order
to avoid a significant underestimation of the Hs during future extreme sea storm events and,
therefore, to improve the effectiveness of the procedures for real-time monitoring of the Hs
through microseismic data, we can only propose adding the pressure gradient together with the
wind velocity into microseism-based predictive models. These parameters are howadays easily
available from weather station networks.

Therefore, an empirical correction of the prediction model is proposed here. According to our
results, the correction term must be applied to the predictive model only when extreme values of
wind velocity and pressure gradient are observed. Specifically, it is assumed the correction term
must be applied only when the hourly wind velocity values or the absolute values of the pressure
gradient exceed the 95" percentile of data distribution. Considering data measured during the
2012, 2013, and 2018 events, the 95" percentile of wind velocity and pressure gradient data
distributions are 8.4 m s* and 1.1 hPa h'%, respectively.

The correction term has been derived and calibrated considering two main pieces of empirical
evidence that are:

1. the differences between Hs measured by the buoy and those obtained by microseism
linearly increase when the wind velocity and the absolute values of pressure gradient
increase;

2. the increases of wind velocity and absolute values of pressure gradient produce an increase
of Hs with a delay up to 5 h (Figure 8). Then, the most suitable correction parameters are
estimated averaging six samples of wind velocity and absolute values of pressure gradient.
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Figure 8. Hs measured (blue line), pressure gradient (violet line) and wind velocity (orange line) during the
Adrian storm.

Finally, the model of Ferretti et al. [15] was modified accordingly as follows:
If
WMV, 84 (ms~1) or APG:_ > 1.1 (hPa - i=1,..,6

o> 84 (ms ) or APG, > 11 (hPah ") o

then
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where WMV is the wind mean velocity, APG is the absolute value of pressure gradient, i indicates
the sample number (e.g., i=0 corresponds to the current time; i=-5 corresponds to the data
measured five hours before), and Hs_est and Hs_new are the Hs estimated by the procedure of Ferretti
et al. [15] before and after the correction, respectively.

Figure 9 compares Hs measured by the buoy (blue line) and those provided by the procedure of
Ferretti et al. [15] before (red line) and after (green line) the application of the proposed correction
term for the Adrian storm. The differences between the Hs values measured by Capo Mele buoy
and those obtained by using the microseism-based procedure corrected are strongly reduced (old
maximum difference 3.4 m, new maximum difference 1.2 m). Since the applicability conditions
were not met for the other sea storms (during which WMV and APG stayed under the thresholds),
the correction term was not applied. It is worth highlighting that the thresholds, guiding the use
of the correction term, were defined based on statistical analysis. Specifically, the thresholds of
wind velocity and pressure gradient corresponds to the 95" percentile of data distributions.
Among all storms that have occurred in Liguria since 2008, the Adrian storm is the only one that
presents both wind velocity and pressure gradient values that exceed the thresholds chosen.
However, it is worth noting that the data scarcity does not allow us to effectively verify the
robustness of such criterion for differentiating storms, and if the wrong application of such a
correction term to storms that generate high-energy microseism could generate significant errors
in the estimation of Hs.
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Figure 9. Comparison between Hs measured by the buoy (blue line) and those provided by model of Ferretti
et al. [15] before (red line) and after (green line) the application of the correction term.

6. Conclusions

In the present study, we compared the characteristics of five of the most significant sea storms
that struck the Ligurian coast between 2008 and 2018. Specifically, we analysed both sea wave
and atmospheric parameters, and presented a spectral analysis of the storm-related microseisms.
The aim was to highlight the distinctive features of the exceptional event occurred on October
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2018 (Adrian storm) with respect to other strong sea storms in the same area in order to make
(also during exceptional storms) the procedure proposed by Ferretti et al. [15] more effective for
monitoring the sea wave height. In fact, although the Adrian storm caused sea wave heights up to
9 m and significant damage to coastal infrastructures, it generated a very low energy microseism,
thus leading to a severe underestimation of the Hs values assessed through the procedure proposed
by Ferretti et al. [15]. Therefore, a correction term, that takes into account wind velocity and the
atmospheric pressure gradient, was proposed and applied to the predictive model, allowing a
significantly reduction in the underestimation of the estimated Hs when dealing with storms that
generate low energy microseisms (such as the Adrian storm). In our case, the wind velocity and
pressure data were provided by the weather station of the Seismic and Meteorological
Observatory of Imperia and, therefore, the applicability of the proposed correction term is limited
to the area around Imperia and Capo Mele buoy (Figure 1). For the Adrian storm, the inclusion
of meteorological data (wind velocities and pressure gradients above an empirically determined
threshold) together with the microseism amplitude in the prediction of significant wave height
resulted in a significantly better fit. Whether this or a similar formula, although promising, is
applicable in general must be validated by a larger dataset. It will also be necessary to monitor if
the Hs estimation is realistic during other events similar to the Adrian storm, even in presence of
different storm characteristics.
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8 Verification of reliability of the Hs estimation model
8.1 Introduction

Given the significant Hs underestimation due to the lack of microseism energy peak occurred during the Adrian
Storm in October 2018, it was decided to monitor the reliability of the estimation model defined in Ferretti et
al. (2018) over the long term by defining the magnitude of the difference between the Hs resulting from the
microseism and Hs generated by simulation (hindcast) and measured by the wave buoy of Capo Mele. This
was intended to highlight any other differences between the measured and estimated Hs or criticalities in the
reliability of the estimation model, in addition to those highlighted during the Adrian Storm.

As the buoy stopped working in November 2019 and has not been restored, and as the buoy represents a
measurement point along the western coast of Liguria and therefore does not return representative sea state
data for the rest of the region, the reference taken into account is represented by the hindcast data. Therefore,
a data analysis was prepared to provide the quantification of the differences between the Hs derived from the
hindcasts developed by DICCA (Hs(hindcast)) and the Hs derived from the model applied to microseisms
(Hs(useism)) considering the node 319 corresponding to the western part of the Ligurian coast near Imperia
(Fig. 6.1). Moreover, since the model by Ferretti et al. (2018) was calibrated from hindcast data, it was chosen
to carry out the monitoring firstly using hindcast data. The first analysis was applied to the period between
August 2018 and November 2019. Subsequently, the comparison was also made between the Hs measured by
the wave buoy of Capo Mele (Hs(buoy)) and Hs(useism) considering the node 391 corresponding to the buoy
to check for any criticalities with respect to the data measured at sea.

8.2 Materials and methods

The following steps were identified for monitoring the reliability and effectiveness of the mathematical
procedure applied to microseisms.

Phase I: Hs(pseism) vs. Hs(hindcast) - node 319, 31/08/2018-02/11/2019 period

a) Comparison between the Hs(hindcast) and the Hs(useism) and calculation of the difference between the two
(AHq):

o LinePlot(Date, Hs(hindcast) & Hs(pseism))
o AHs = Hs(hindcast) - Hs(pseism)
o DotPlot(Date, AHs)
b) Considering the absolute value of AHs (AHsADbs) to highlight the range of variation.

c) Comparison between magnitude of the AHs and Hs(hindcast) and Hs(useism) to verify if the deviation
increases in cases of higher Hs or if it is independent of Hs:

o DotPlot(Hs(useism), AHs) and DotPlot(Hs(hindcast), AHs)

d) Removal the Adrian Storm from the dataset and repetition of point c); identification of sea storm with
significant AHs (>1.50 m) and analyse their characteristics.

e) Control on other nodes in the Ligurian Sea considered by Ferretti et al. (2018)(i.e., nodes 206, 264, 332,
427; Fig. 6.1).
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Phase I1: Hs(buoy) vs. Hs(useism) - node 391, 31/08/2018-02/11/2019 period

Steps from a) to d) equal to Phase I, but comparing the Hs(buoy) to the Hs(pseism), and Hs(hindcast) to the
Hs(useism).

Phase I11: Proposal of amendment to the mathematical procedure

A) Two tests were carried out considering the node 319 in the 2013-2014 period (the same period considered
by Ferretti et al., 2018), and all the seismic stations of Ferretti et al. (2018)(i.e. GBOS, IMI0, QLNO, RORO,
GORR, MSSA, PLMA; Fig. 6.1), with the exception of station NEGI in the western part of Liguria, that,
meanwhile, has been removed from the seismic network.

- test 1: fixing of the integration intervals of the model, fmin and fmax, to 0.2 Hz and 0.9 Hz, respectively, and
definition of new coefficients a and b for all the estimation model, i.e. base, 1.0 m, 1.5, 2.0 m and 3.0 m.

- test 2: same modifications of test 1 plus the modification of the procedure for the higher Hs considering in
each step the mean value of Hs + 2 standard deviations. This amendment favours the evaluation of high H; and
allows more frequent use of steps calibrated to higher wave heights (Hs>1.0 m, Hs>1.5 m, Hs>2.0 m and Hs>3.0
m).

B) Launch of the modified procedure using the same data considered by Ferretti et al (2018) between 2013
and 2014.

C) Comparison between the new Hs(useism) with the reference Hs(hindcast) for verifying new residuals and
the presence of any new Hs underestimations in the node 319 on the 2013-2014 period.

D) Verification of the modified procedure with test 2 only for the node 319 on the 2018-2019 dataset.

E) Repetition of steps from A to C considering only test 2 in the node 391 on the 2013-2014 period for
comparison between the new Hs(useism) with the reference Hs(buoy) to verify new residuals and the presence
of any new Hs underestimations.

8.3 Results and discussion

Phase I: Hs(pseism) vs. Hs(hindcast) - node 319, 31/08/2018-02/11/2019 period

Considering the AHs319 deviation, the average was 0.09 m + 0.32 m, with a minimum of -1.92 m and a
maximum of 3.10 m occurred during the Adrian Storm. Only a minimal part of the data exceeds 1 m of AHs.
The profiles of the Hs(hindcast) and Hs(useism) and the profile of the AHs deviation are shown in Fig. 8.1 and
Fig. 8.2. Generally, the profiles of the two heights overlap but there is a general underestimation of Hs(useism)
with respect to Hs(hindcast). The underestimation of Hs by the microseism is present in only 4 cases; from the
analysis of the specific data three of these are defined as spikes in microseism data and deleted from the dataset,
while one was a real data and related to the Adrian Storm.

Considering the absolute value of AHs AHsAbs), most of the data falls within the range 0.00-0.49 m (89%) and
the 10% in the range 0.50-0.99 m (Table 8.1).
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Table 8.1. Number and percentage of cases that fall in the different AH;Abs ranges.

AH:Abs Case Percentage
range (m) | number

0.00 186 1.81
0.01-0.49 8927 87.06
0.50-0.99 972 9.48
1.00-1.99 152 1.48

>2.00 17 0.17

Total 10254 100.00

The relationship between Hs(hindcast) and Hs(pseism) is very week (R?=0.3715; Fig. 8.3-top). By relating the
Hs(useism) to the AHs deviation, there is no relationship (Fig. 8.3-middle); on the contrary, relating the
Hs(hindcast) to the AHs deviation (Fig. 8.3-bottom), there is a linear relationship between the two factors
(R?=0.7507), so as the Hs(hindcast) increases, the AHs generally increases as well. This therefore highlights a
first criticality in the reliability of the procedure of Ferretti et al. (2018), which returns a good Hs value for
wave heights generally <1 m, but which produces an increasing underestimation with wave heights >1 m. This
may be due to the method used to calibrate the Hs evaluation system from the microseism, a method that was
based on a relatively small dataset (from 1 January 2013 to 1 June 2014; Ferretti et al., 2018) and that included
very few sea storm characterised by Hs>2 m.
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Not considering the Adrian Storm in the dataset, i.e. removing the period between 00:00 on 28/10/2018 and
23:00 on 30/10/2018, the mean deviation drops to 0.09 m + 0.30 m, with a range between -1.92 and 2.14 m.
The positive relationship between Hy(hindcast) and AHs remains (R?=0.7236; Fig. 8.4-bottom) and highlights
that with sea storms with Hs>2 m the model significantly underestimates Hs.

Table 8.2. Number and percentage of cases that fall in the different AH;Abs ranges without the Adrian Storm.

AH;ADbs Number Percentage

range (m) | without the | without the
Adrian Adrian
Storm Storm

0.00 186 1.83

0.01-0.49 8918 87.58

0.50-0.99 941 9.24

1.00-1.99 133 1.31

>2.00 5 0.05

Total 10183 100.00

Disregarding the Adrian Storm allowed us to identify other sea storms that produced a significant AHs (>1.50
m) and therefore a significant underestimation of the Hs, namely the swells of 07-09/12/2018, 01-02/02/2019,
and 27/01/2019, and analyse them to look for possible similarities in characteristics with the Adrian Storm.
These five swells had Hs greater than 2 m and mean SE propagation direction, whereas the Adrian Storm was
characterised by a variable propagation direction from the southern quadrants, with SW direction during the
peak. The fact that these sea storms had Hs>2 m reinforces the fact that the model was not structured
appropriately for the most intense sea storms due to the small dataset considered for its calibration.
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The following Panel 1 is a comparison between Hs(useism) and Hs(hindcast) for all the nodes considered by
Ferretti et al. (2018). For convenience, the map in Fig. 6.1 is also shown here. The difference between the two
curves is clearly higher at nodes 319 and 427 than at the others, and the better situation is in the central part of
the Liguria (hodes 206 and 264). This can be due to the fact that western nodes, and especially node 427, are
in the extreme western of the region and suffer different types of sea wave than the eastern part of the Liguria,
and the seismic stations respond in different way.

Panel 2 shows the scatter plots between Hs(hindcast) and AH; for all the nodes; it is possible to see the constant
presence of the positive linear regression.
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Panel 2. Scatter plots between Hs(hindcast) and AHs for the nodes 427, 319, 206, 264 and 332 shown in the map on top.

Phase I1: Hs(buoy) vs. Hs(useism) - node 391, 31/08/2018-02/11/2019 period

Given the differences between Hs(pseism) and Hs(hindcast) on five nodes of Fig. 6.1, it was decided to also
investigate the difference between Hs(useism) and Hs(buoy), and also Hs(hindcast), considering the node 391
corresponding to the buoy position, over the same 31/08/2018-02/11/2019 period.

Starting from Hs(useism) and Hs(buoy), the AH;s average is -0.04 m £ 0.30 m, with a minimum of -3.64 m and
a maximum of 4.28 m during the Adrian Storm. Considering the absolute value of AHs AHsAbs; Table 8.3),
most of the data falls within the range 0.01-0.49 m (90%) and the 7% in the range 0.50-0.99 m. Only a minimal
part of the data (<1%) exceeds 1 m of AHs. The profiles of the Hs(buoy) and Hs(juseism), and the profile of the
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AHs deviation are shown below (Fig. 8.5 and Fig. 8.6). The overlap of the two curves is good and only two

large underestimates of the Hs are noted, one at the Adrian Storm and one in December 2018.

Table 8.3. Number and percentage of cases that fall in the different AH;Abs ranges.
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Fig. 8.5. Temporal distribution of Hs(buoy) and Hs(useism).
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AH, = H (buoy) - H.(useism) - Node 391
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Fig. 8.6. Temporal distribution of AHs between Hs(buoy) and Hs(pseism).

The relationship between Hs(buoy) and Hs(useism) is low (R?=0.6351; Fig. 8.7-top). By relating the

Hs(useism) to the AH; deviation (Fig. 8.7-middle), and the Hs(buoy) to the AH;s (Fig. 8.7-bottom), there is no

relationship.
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(bottom).
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Not considering the Adrian Storm in the dataset, i.e. removing the period between 00:00 on 28/10/2018 and
23:00 on 30/10/2018, the mean deviation drops to -0.05 m + 0.27 m, with a range between -3.64 and 2.29 m
(Table 8.4). The relationship between Hs(buoy) and AHs remains very low (Fig. 8.8).

Table 8.4. Number and percentage of cases that fall in the different AHsAbs ranges.

AH:Abs Number Percentage

range (m) | without the | without the
Adrian Adrian
Storm Storm

0.00 215 2.21

0.01-0.49 8825 90.71

0.50-0.99 632 6.50

1.00-1.99 51 0.52

>2.00 6 0.06

Total 9729 100.00

H.(buoy) vs. AH, - Node 391
withou the Adrian Storm

EO
Iﬂ
5 -1
2 Yy =0 1154% - 01244
3 3, R” = 0.0332
-4
Q 1 2 3 4 3

H.(buoy) (m)

Fig. 8.8. Scatter plot between Hs(buoy) and AHs without data of the Adrian Storm.

The same analysis was carried out with the hindcast data on the node 391 in the same period. The AH; average
is 0.16 m + 0.38 m, with a minimum of -3.72 m and a maximum of 3.70 m during the Adrian Storm.
Considering the absolute value of AHs AHsAbs; Table 8.5), most of the data falls within the range 0.01-0.49
m (79%) and the 17% in the range 0.50-0.99 m. Only a minimal part of the data (<3%) exceeds 1 m of AHs.
The profiles of the Hs(hindcast) and Hs(pnseism), and the profile of the AHs deviation are shown below (Fig.
8.9 and Fig. 8.10).
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Table 8.5. Number and percentage of cases that fall in the different AHsAbs ranges.
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Fig. 8.9. Temporal distribution of Hs(buoy) and Hs(useism).
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Fig. 8.10. Temporal distribution of AHs between Hs(buoy) and Hs(piseism).

0.3148), but a certain degree

By relating the Hs(hindcast) to the AHs (Fig. 8.11), there is no relationship (R?

of linearity is visible in the distribution of the data.

H.(hindcast) vs. AH, - Node 391

= 0.3882x 1 0.1865
F*=0.23)148
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o MmN e D e oy
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Fig. 8.11. Scatter plot between Hs(hindcast) and AHs.
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As a result of this evidence, a modification to the functional is deemed necessary. Some tests for modifying
the procedure have been carried out and are reported in the following section.

Phase I11: Proposal of amendment to the mathematical procedure

Here, the results obtained by the two tests carried out to correct the Hs estimation procedure on node 319 in
the 2013-2014 period are presented. In test 1, the coefficients fmin € fmax Were fixed to 0.2 Hz and 0.9 Hz,
respectively. These values were chosen because they determined the frequency range of typical microseism in
the Ligurian Sea, as indicated by Ferretti et al. (2013).

Table 8.6 reports the new coefficients calculated fixing fmin and fmax for all the seismic stations considered in
Ferretti et al. (2018). Table 8.7 shows the mean, minimum and maximum values of AHs and AHs;Abs derived
from the original model, test 1 and test 2. Fig. 8.12-8.14 show the temporal distributions of Hs(hindcast) and
Hs(useism) in the original format, and from test 1 and test 2. Fig. 8.15 report the scatter plots between
Hs(hindcast) and AHs for node 319 obtained by the original model, test 1 and test 2.
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Table 8.6. New coefficients a and b of each functional obtained by fixing fmin and frax.

Station | Coefficient | Coefficient | fmin | fmax | Station | Coefficient | Coefficient | fmin | fmax
a b a b

GBOS 1 GORR 5
Frot 0.55 7.73 02 | 09 Frot 0.55 7.53 02 | 09
Fio 0.16 2.69 02 | 09 | Fuo 0.14 2.33 02 | 09
Fais 0.14 2.64 02 | 09 | Fus 0.12 2.34 02 | 09
Fx0 0.19 3.49 02 | 09 | Fx=o 0.14 2.75 02 | 09
F>0 0.00 0.00 02 | 09 | Fxo 0.00 0.00 02 | 09
IMI 2 MSSA 6
Frot 0.53 6.66 02 | 09 Frot 0.57 8.53 02 | 09
Foio 0.18 2.64 02 | 09 | Fuo 0.17 2.87 02 | 09
Fais 0.20 3.15 02 | 09 | Fus 0.14 2.79 02 | 09
F20 0.20 3.42 02 | 09 | Fxo 0.17 3.35 02 | 09
Fss0 0.00 0.00 02 | 09 | Fxo 0.00 0.00 02 | 09

QLNO 3 PCP 7
Frot 0.56 7.18 02 | 09 Frot 0.54 7.49 02 | 09
F-10 0.16 2.46 02 | 09 | Fuo 0.16 2.70 02 | 09
Fois 0.16 2.77 02 | 09 | Fus 0.14 2.56 02 | 09
Fx20 0.13 2.47 02 | 09 | Fxo 0.22 3.97 02 | 09
F30 0.00 0.00 02 | 09 | F=o0 0.00 0.00 02 | 09

RORO 4 PLMA 8
Frot 0.51 6.47 02 | 09 Fiot 0.53 7.74 02 | 09
Foro 0.17 2.60 02 | 09 | Fuo 0.16 2.75 02 | 09
Fois 0.12 2.08 02 | 09 | Faus 0.20 3.70 02 | 09
Fx0 0.16 291 02 | 09 | Fxo 0.22 4.10 02 | 09
F30 0.00 0.00 02 | 09 | F=o0 0.00 0.00 02 | 09

Table 8.7. Mean, standard deviation (SD), minimum (Min) and maximum (Max) values of AH;s and AH;Abs derived
from the original model, test 1 and test 2.

AH;(original) | AHs;Abs(original) | AHs(testl) | AHsAbs(testl) | AHs(test2) | AH;Abs(test2)
Mean -0.02 0.22 -0.10 0.29 -0.34 0.43
SD 0.31 0.22 0.39 0.27 0.47 0.40
Min -5.48 0.00 -2.27 0.00 -2.40 0.00
Max 1.83 5.48 1.82 2.27 1.67 2.40
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Fig. 8.12. Temporal distribution of Hs(hindcast) and Hs(pseism) in the original format from Ferretti et al. (2018).
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Fig. 8.14. Temporal distribution of Hs(buoy) and Hs(useism) derived from test 2.
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H.(hindcast) vs. AH, - node 319-original
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Fig. 8.15. Scatter plots between Hs(hindcast) and AH; for node 319 with the original model (top), with the test-1 model
(middle), and with the test-2 model (bottom).
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After this, verification of the modified procedure with test 2 was applied at the node 319 on the 2018-2019

period. Fig. 8.16 compares the distributions of Hs(hindcast), Hs(puseism-original) and Hs(pseism-test 2). It is
evident that in the case of Hs>1 m the Hs(useism-test 2) fits better the hindcast data, but there are also two
negative evidences: when H; is very low (<0.5 m), Hs(pseism-test 2) is generally overestimated; moreover,
when Hs(hindcast) is between 0.5 and 1, it is very overestimated by test 2. Comparison between AHs in the

original format and with test 2 application is summarised in Fig. 8.17.
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Fig. 8.17. Temporal distribution of AHs between Hs(hindcast) and Hs(useism) in the original format from Ferretti et al.

(2018) and with test 2 for node 319 in the 2018-2019 period.
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Similar results are obtained by applying test 2 to node 391 for both 2013-2014 and 2018-2019 periods (Fig.

8.18-8.20).
LinePlot(Date, H.hindcast) & H_(useism)) - Node 391-Test 2
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Fig. 8.18. Temporal distribution of Hs(hindcast), Hs(pseism-original) and Hs(pseism-test 2) for node 391 in the 2013-
2014 period.
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Fig. 8.19. Temporal distribution of Hs(hindcast), Hs(puseism-original) and Hs(pseism-test 2) for node 391 in the 2018-
2019 period.
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Fig. 8.20. Temporal distribution of AHs between Hs(hindcast) and Hs(pseism) in the original format from Ferretti et al.
(2018) and with test 2 for node 391 in the 2018-2019 period.

8.4 Conclusions

The monitoring of the reliability of the H, data obtained starting from microseisms has allowed to highlight
how the original model of Ferretti et al. (2018) tends to underestimate Hs>1 m. Subsequent recalibration tests
have been carried out in order to provide an alternative Hs estimatioin by the original model only for Hs>1 m.
Thanks to these tests, it was possible to obtain a new way of displaying the estimated Hs, with which, in
addition to the curves currently displayed in the Seism4sea webpage (Fig. 6.3), a possible better estimate of
Hs>1 m can also be displayed to the end user. Below is an example of the graphical restitution of the new
visualisation obtained thanks to the tests.
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The study for the improvement of the model of Ferretti et al. (2018) (model that for now remains the most
reliable one because it generates the best residuals compared to those obtained with the recalibration tests)
needs to be further deepened to solve the problem of the underestimation of Hs, using for the recalibration
longer datasets that include a larger number of values with Hs>1 m. For this purpose, a suitable database is
being collected and therefore, the recalibration phase, depending on the amount of data with Hs>1 that can be
collected, will take a long time. For this reason, the research activity will continue beyond the Ph.D. and will
include studying and monitoring the reliability of the data over the long term.
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9 The SINAPSI Project and future developments

The SINAPSI Project has been financed by the Interreg Italy-France Maritime 2014-2020 Programme
(http://interreg-maritime.eu/), started on April 2019, and has a duration of three years. The project aims to
improve navigation risk prevention by optimising existing technologies to provide port operators with real-
time data on weather and sea conditions. In order to support ships and vessels during port approaches and
manoeuvres within port basins, and thus reducing the risks for crews, passengers and shore-based operators,
the SINAPSI Project envisages the installation of instruments and systems for real-time or near-real-time
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monitoring of weather and sea conditions, such as waves and currents, inside and outside different ports
distributed along the coastline of the Maritime Programme area (Fig. 9.1).

Fig. 9.1. In blue, the Maritime Programme area; in red, the port involved in the project.

SINAPSI is the result of an initiative coordinated by two Departments of the University of Genoa (DISTAV
and DICCA), with the participation of the following Partners: the Marine Science Institute of the National
Research Council, the Université of Toulon, the Port Authority of the North Tyrrhenian Sea, the Laboratory
of Environmental Monitoring and Modelling for Sustainable Development Consortium, the European
Research Institute Onlus, and the Chamber of Commerce and Industry of Var.

SINAPSI was contemporary with the Ph.D. project and had the same duration (3 years). For the realisation of
the Ph.D. activities carried out in the framework of the SINAPSI project, it was necessary to get acquainted
with the Maritime Programme rules and apply good practices of European project management.

The project was structured into four different components: the project management component (M), which
deals with both the financial side and the monitoring of the progress of the activities; two project
implementation components (T1 “Monitoring” and T2 “Simulation”), which include all the practical activities
implemented by the project in order to achieve the set objectives; the communication component (C), which
includes all the dissemination actions of the project activities and results to public, agencies, and the scientific
community. In addition, a key part of SINAPSI Project is the Investment component (1), which includes the
installation of measuring instruments and systems in the project area.

9.1 Project management

Following indications of Kinser (2008) on project management, a basic strategy of project management was
chosen. Project management requires planning and organising the activities involved in a project, setting up a
realistic project schedule and keeping a continuous control on the progress of activities, managing the risks
into which the project may fall and ensuring quality control, and coordinating Partners. Therefore, it was
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necessary to set up a strategy (planning) with the different actions (execution) to carry out the project properly.
A tool was developed for planning the activities and monitoring the progress of the SINAPSI Project, i.e., a
timetable of activities with all the planned products for each project component and their respective delivery
deadlines. The schedule was kept up-to-date as the project progressed.

9.2 Project implementation

Within the implementation components, the weather and sea monitoring part of the SINAPSI Project included
in its first phase the study and implementation of a monitoring plan. As regards sea wave and current
monitoring in the Genoa area, this phase involved the project Partners UNIGE for sea currents and CNR-
ISMAR for sea waves, and the project stakeholders. Several meetings between partners and with stakeholders
were held, allowing to define the monitoring plan by the identification of the most suitable sites for the
installation of the instruments and the type and frequency of data needed by the stakeholders. In the case of
the Port of Genoa, the stakeholders involved in the monitoring process design were the Port Authority, Coast
Guard, Pilots and vessel captains. The final version of the monitoring plan (product “T1.1.1 - Progettazione
monitoraggio”) is available on the website of the project, in the page “Che cosa realizza?”” (What does it
achieve?) dedicated to the dissemination of the products (http://interreg-
maritime.eu/documents/1232077/1800432/T1.1.1+Progettazione+monitoraggio/0ad6f85c-bde6-47b2-9060-
6fa684176eel).

9.3 Project dissemination

The main communication tools of the Maritime Programme, which are to be considered, are the corporate
image (logos and graphics), the website, newsletters and social networks (Facebook, Twitter, and YouTube).
These tools were then prepared and shared with partners at the beginning of the project and managed during
the project progress (http://interreg-maritime.eu/web/sinapsi; https://www.facebook.com/SinapsiMarittimo/).

As required by the Maritime Programme, all products in SINAPSI were realised in Italian and French and were
complied with specific communication rules imposed by the European Union and the Maritime Programme
(Interreg Maritime, 2019, 2020). Moreover, each communication product must be validated by the Managing
Authority and all contacts with the Managing Authority must be maintained by a person designated as the
project Communication Manager. Therefore, as Communication Manager, all communication products and all
the contacts with the Managing Authority were revised and held, respectively, by me.

9.4 Future developments

Given the importance of real-time data on weather and sea conditions for both coastal protection and safe
navigation, the study of the relationship between sea waves and microseism in the Ligurian Sea will continue
after the end of this Ph.D project. In particular, the activity of monitoring and improving the reliability of the
data produced by the procedure applied to microseisms will be continued on long term.

In the framework of the SINAPSI Project, that involves the installation of a radar antenna system to monitor
the surface waves off the port of Genoa, the data from the radar system will be used in the development of the
Ph.D. project for intercalibration with microseism data. The aim will be to increase the coverage of the area of
the Ligurian Sea monitored by real-time measurements and improve the reliability of the procedure that uses
microseism data to provide the significant height of the sea wave.
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