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Sommario

Questa tesi investiga I'applicabilita della Matrice Decisionale per gli Tsunami del
Nord Est Atlantico alle caratteristiche uniche della Faglia Gloria, una grande faglia
trascorrente che si estende a Est delle Azzorre con il limite verso Gibilterra e segna
il confine delle placche euroasiatica e nubiana. L’obiettivo di questa ricerca & va-
lutare se la matrice decisionale esistente, progettata per valutare la minaccia di
tsunami utilizzando parametri sismici di base, pud essere e [cademente impiegata
nel caso di questa specifica faglia. Per raggiungere questo obiettivo, viene e [eft
tuata un’analisi esaustiva utilizzando un insieme di terremoti rilevanti avvenuti nel
XX secolo lungo questa faglia o nelle sue vicinanze, in particolare il terremoto del
25 novembre 1941 (Mg = 8:3), il terremoto del 26 maggio 1975 (Mg = 7:9), il 1°
gennaio 1980 (Mg = 6:8). L’unico evento con scorrimento verticale considerato ¢ il
terremoto del 28 febbraio 1969 (Ms = 7:9), che si é verificato nella Piana Abissale
Horseshoe nel Golfo di Cadice, mentre gli altri eventi sono tutti a scorrimento lat-
erale. Questi eventi sismici, che hanno avuto epicentri situati nell’Atlantico NE lungo
la Faglia Gloria o nelle sue vicinanze, serviranno come punti di riferimento chiave
per la Matrice Decisionale. L’'indagine comprende diversi aspetti, tra cui I’'esame dei
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2 Sommario

record storici degli tsunami, le simulazioni numeriche degli tsunami e I'applicabilita
della Matrice Decisionale. L’esame esaustivo delle passate occorrenze di tsunami for-
nisce preziose intuizioni sul comportamento e le caratteristiche dei tsunami causati
da faglie trascorrenti. Studiando i dati storici, € possibile identificare schemi e ten-
denze per migliorare la matrice decisionale. | risultati di questa tesi contribuiscono a
fornire importanti intuizioni nel campo delle previsioni in tempo reale degli tsunami,
o [rendo una comprensione piu approfondita della pertinenza e degli eventuali adat-
tamenti necessari per le matrici decisionali quando sono applicate a faglie trascorrenti

come la Faglia Gloria.



Abstract

This thesis investigates the applicability of the Northeast Atlantic tsunami Decision
Matrix to the unique characteristics of the Gloria Fault, a large strike-slip fault of the
Azores-Gibraltar fracture zone that marks the western plate boundary between the
Eurasian and Nubian plates. The objective of this research is to assess whether the
existing decision matrix, designed for evaluating tsunami threat using basic earth-
quake parameters, can be e[edtively employed in the case of this specific fault. To
achieve this, a comprehensive analysis is performed using a set of relevant earth-
quakes occured in the 20th century along this fault or in its vicinities, namely the
25 November 1941 (Mg = 8:3), the 26th May 1975 earthquake (Mg = 7:9), the 1
January 1980 (Mg = 6:8). The only dip-slip event considered is the earthquake on
February 28, 1969 (Mg = 7:9), that took place in the Horseshoe Abyssal Plain in the
Gulf of Cadiz, while all the other events are strike-slip events. These seismic events,
which had epicenters located in the North East Atlantic, along the Gloria Fault, will
serve as key benchmarks for the Decision Matrix. The investigation encompasses sev-
eral aspects, including the examination of historical tsunami data records, tsunami
numerical simulations and applicability of Decision Matrix. Exhaustive examination
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4 Abstract

of past tsunami occurrences provides valuable insights into the behavior and charac-
teristics of tsunamis triggered by strike-slip faults. By studying the historical data,
patterns and trends can be identified to enhance the decision matrix. The findings of
this thesis contribute valuable insights to the field of tsunami real-time forecasting,
o Lering a deeper understanding of the suitability and potential adaptations required

for decision matrices when applied to strike-slip faults such as the Gloria Fault.

Outline of the thesis

We present here the structure of the thesis.

Chapter 1. The Gloria Fault

The first section, Definition of fault, will provide a clear definition of the Gloria
Fault, explaining its geological characteristics and how it is formed. In section 1.2,
Classification of faults, diCerknt types of faults will be discussed, including their dis-
tinguishing features and how they relate to the Gloria Fault. In section 1.3, Gloria
Fault’s morphological description, the physical characteristics of the Gloria Fault will
be examined, such as its length, width, and vertical displacement. This section will
provide a detailed understanding of the fault’s morphology. Lastly, section 1.4, 20th-
century large earthquakes along the Gloria Fault, will focus on significant earthquakes
that occurred along the Gloria Fault during the 20th century. The magnitude, im-
pact, and notable features of these earthquakes will be discussed, shedding light on
the seismic activity along the fault.

Chapter 2: Tsunami Alert E [ciehcy
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Section 2.1, Decision matrix will explore the decision matrix, which is a tool used
to assess and communicate tsunami threat levels. It will discuss the components of
the decision matrix and how it contributes to the e Lciehcy of tsunami alerts. In
subsection 2.1.1, Tsunami Early Warning System and Threat Levels, the role of the
decision matrix within the broader context of the Tsunami Early Warning System
will be explained. The di[erknt threat levels associated with tsunamis and their im-
plications for warning systems will be discussed. In 2.1.2 Unified Tsunami Message
Approach and Spatial Ranges in the NEAM Region will focus on the unified approach
to tsunami messages, where all National Tsunami Warning Focal Points receive the
same message. It will also discuss the spatial ranges defined in the NEAM region
and how they are incorporated into the decision matrix. Then subsection 2.1.3, The
Role and Significance of the Decision Matrix in Assessing Tsunami Threat Levels,
will highlight the importance of the decision matrix in evaluating and categoriz-
ing tsunami threat levels. It will explain how the matrix aids in decision-making
processes and the implementation of appropriate response measures. Section 2.2,
Problems of the application of the decision matrix for the events along the Gloria
Fault, will address the specific challenges and di Cculties encountered when applying
the decision matrix to tsunamis occurring along the Gloria Fault. It will discuss any
unique considerations or factors that need to be taken into account when assessing
threat levels for events associated with this fault.

Chapter 3: MIRONE and Shallow Water Equations

Section 3.1, Mirone in this case study, will provide an overview of the application
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of Mirone, a software tool, in the specific context of the study. It will discuss how
Mirone is utilized and its significance in the analysis and visualization of tsunami
data. Then 3.2, Preparation of the tsunami simulation, will cover the necessary steps
involved in preparing the tsunami simulation. It will discuss the data and parameters
required, as well as the methodologies employed to ensure an accurate and reliable
simulation. In 3.3, Generation of tsunamis in the source area, the process of gener-
ating tsunamis in the source area will be explained. It will discuss the factors and
mechanisms that contribute to the generation of tsunamis, as well as any specific
considerations related to the study area. Finally, section 3.4 Tsunami Propagation
and Shallow Water Equations, will delve into the concept of tsunami propagation
and the use of Shallow Water Equations (SWEs) to model and analyze the behavior
of tsunamis. It will explore the underlying principles of SWEs and their application
in simulating tsunami propagation and the resulting wave characteristics.

Chapter 4: Application of the DM to the GF

In this chapter, the application of the Decision Matrix (DM) to specific events in the
GF region is discussed. In section 25 November of 1941 event the analysis of the
1941 strike-slip event is presented, focusing on its characteristics and implications
for tsunami generation. Subsection 4.1.1 examines the details of the 1941 strike-slip
event whereas in 4.1.2 the dip-slip scenario is discussed. Section 26 May of 1975 event
focuses on the analysis of the 1975 strike-slip event. Subsection 4.2.1 provides an
overview of the 1975 strike-slip event and subsection 4.2.2 examines dip-slip scenario.

The same is done for the 1980 event in section 4.3 1 January of 1980 event for the
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strike-slip event (4.3.1) and dip-slip scenario (4.3.2) and for the 1969 event in section
4.4 28 February of 1969 for the strike-slip event (4.4.1) and dip-slip scenario (4.4.2).
Section 4.5 E [ecks of Epicenter Relocation on Tsunami investigates the e [edts of
epicenter relocation on the resulting tsunami impact, considering its significance and
implications, whereas 4.6 E [ecks of Magnitude Modification on Tsunami Impact does
the same but for magnitude modification. Finally, section 4.7 New proposal for the
DM in the NE Atlantic gives a new proposal for the Decision Matrix (DM) in the

NE Atlantic. Conclusions are presented in Chapter 5.



Abstract



Chapter 1

The Gloria fault

1.1 Definition of fault

At low temperatures and pressures, rock

exhibits brittle behavior, making it sus-

< ///, —
ceptible to fracturing under high stress o @
conditions. When this fracturing in-

— // < —
volves horizontal displacement, it is re- . 7

ferl‘ed to as a fault (TUrCOtte and SChU' Figure 1.1: Cross Sections Of (a) a nor-

~ mal fault and (b) a thrust fault and top
bert 2014). Surface faults can vary sig- views of (c) right-lateral and (d) left-
lateral strike-slip faults (Turcotte, D.L.,
nificantly in size, ranging from some cen-  schubert, G., Geodynamics, (2014), p.
60).
timeters to hundreds of kilometers. The

occurrence of earthquakes is often associated with with displacements on many faults,
where seismic activity is triggered when the stress acting on the fault exceeds a crit-

9



10 CHAPTER 1. THE GLORIA FAULT

ical threshold, leading to a rupture. When a fault remains locked, elastic energy
gradually builds up in the surrounding rocks due to displacements occurring at a
distance. As the stress on the fault reaches a critical level, the fault slips, resulting
in an earthquake. Throughout this process, the accumulated elastic energy in the
adjacent rock is released and dissipated. Some of this energy is transformed into
heat through friction along the fault plane, while the remaining energy is radiated
as seismic energy. This phenomenon is commonly referred to as elastic rebound.
Depending on fault locations, geometries, orientations and faulting style, faults can

be classified in:

e Thrust fault, will occur if a region is in a state of compressional stress;

< Normal fault, will occur if a region is in a state of tensional stress;

« Strike-slip fault, will occur if a region is in a state of shear. If, to an observer
standing on one side of the fault, the motion on the other side of the fault is to
the left, the fault is a left-lateral strike—slip fault or sinistral strike- slip fault.

Ontherwise it is a right-lateral or dextral strike— slip fault.

Numerous earthquakes involve a combination of horizontal displacement resulting
from strike-slip faulting and vertical displacement associated with either normal or

thrust faulting, referred to as transpression or transtension, respectively.
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1.2 Classification of faults

Since cavities cannot open at the depth of the earth, displacements on faults run par-
allel to the surface of the fault. For simplicity, the fault surface is assumed to be pla-
nar; in the real Earth, faults often occur on curved surfaces or on a series of surfaces
that are o[sek from each other. As regards thrust faulting, this mechanism occurs
when oceanic lithosphere is thrust beneath adjacent continental (or oceanic) litho-
sphere along an ocean trench. Thrust faults also play an important role in the com-
pression of lithosphere during continental collisions. Idealized thrust faults are shown
in Figure 1.2. Compressional stresses cause displacement along a fault plane inclined
at an angle to the horizontal. As a result of the faulting, horizontal compressional
strain occurs.
Thrust faults can form in either of the

two conjugate geometries shown in Fig- — ﬁ\\ = =4 Z 5 —
ures 1.2 a and b. The elevated block is i—’

called the hanging wall and the lowered

Figure 1.2: Thrust faulting. Two conju-

block is called the foot wall. The up- 9ate thrust faults with dip angles  are
shown in (a) and (b). The principal

ward movement of the hanging wall is Stresses illustrated in (c) are all compres-
sional with magnitudes xx > ,; > yy

also called reverse faulting. Stresses in (Turcotte, D.L., Schubert, G., Geodynam-
ics, (2014), p. 390).

the horizontal and vertical directions are

assumed to be the principal stresses. The vertical stress component yy is the litho-

static pressure. The vertical deviatoric stress  yy is null, while a compressional

deviatoric stress xx 1S applied in the x direction. The horizontal compressional
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stress, xx = gy +

CHAPTER 1. THE GLORIA FAULT

xx, therefore exceeds the vertical lithostatic stress x> yy.

For the fault geometry shown in Figure 1.2 it has been assumed that there is no

=/

Oyy

< N>

(b)

(c)

Figure 1.3: Normal faulting. Two
conjugate normal faults with angle
of dip are shown in (a) and (b).
The principal stresses illustrated in
(c) have magnitudes related by yy >
2z > xx (Turcotte, D.L., Schubert,
G., Geodynamics, (2014), p. 391).

D ERPS

(a) (b)

(c)

Figure 1.4: Strike slip faulting. Two
conjugate strike slip faults inclined at
an angle to the direction of the prin-
cipal stress xx are shown in (a) and
(b). The principal stresses illustrated
in (c) are related by ,, > yy > xx
(Turcotte, D.L., Schubert, G., Geody-
namics, (2014), p. 391).

strain in the z direction. In this situation of plane strain, using

3=

(1+ 2) (1.1)

where  are the principal stress components, that relates the deviatoric stress com-

ponent 47 tO xx by 27 =

xx Meaning that the deviatoric stress in the z

direction is also compressional, but its magnitude is a factor of less than the de-

viatoric applied stress, where is a property of the material known as the Poisson’s

ratio. Therefore the horizontal compressional stress,

zz= gy +

= gy+ XX 1.2)
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is larger than the vertical stress y, but it is smaller than the horizontal stress .
Thrust faults satisfy the condition xx > ,; > yy. The vertical stress is the least
compressive stress. Just as thrust faulting accommodates horizontal compressional
strain, normal faults accommodate horizontal extensional stresses. Normal faults
occur on the flanks of oceanic ridges where new lithosphere is formed. Normal faults
also occur in continental rift valleys where lithosphere is stretched. Applied tensional
stresses can produce normal faults in either of the two ways shown in Figure 1.3.
The displacements on the fault planes dipping at an angle to the horizontal lead
to horizontal extensional strain. Normal faulting is associated with a state of stress

in which the vertical component of stress is the lithostatic pressure

yy = 9y (1.3)

and the applied deviatoric horizontal stress is tensional (negative). The horizontal
stress, is therefore smaller than the vertical stress, yy > xx. The plane strain
assumption is again appropriate to the situation, and equation 1.2 is applicable.
Consequently, the deviatoric stress in the z direction is also tensional, but its magni-
tude is a factor of smaller than the deviatoric applied stress. Normal faults satisfy
the condition yy > ;; > yx Where the vertical stress is the maximum compressive
stress. Both thrust faults and normal faults are also known as dip-slip faults because
the displacement along the fault takes place mainly along the dipping direction. A
strike—slip fault is a fault along which the displacement is strictly horizontal. Conse-

quently there is no strain in the y direction. The situation is one of plane strain with
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the non-zero strain components confined to the horizontal plane. Vertical views of
two conjugate strike—slip faults are shown in Figure 1.4. The fault planes make an
angle with respect to the direction of the principal stress xx. The fault illustrated
in Figure 1.4 a is right lateral and 1.4 b left lateral. The state of stress in strike-slip
faulting consists of a vertical lithostatic stress yy, = gy and horizontal deviatoric
principal stresses that are compressional in one direction and tensional in the other.
The case shown in Figure 1.4 has xx <0and ., > 0 but can be the opposite. One
horizontal stress will thus be larger than yy while the other will be smaller. Using the
previous equations, it results ,; > yy > yxand xx > yy > ;. For strikeslip
faulting, the vertical stress is always the intermediate stress. The displacement on
an actual fault is almost always a combination of strike-slip and dip-slip motion.
However, one type of motion usually dominates. A combination of strike-slip and
thrust faulting is known as transpression. A combination of strike-slip and normal

faulting is known as transtension.

1.3 Gloria Fault’s morphological description

The Azores-Gibraltar fracture zone (AGFZ) is the western boundary between the
Eurasian and Nubian plates (Omira, Neres, Batista, 2019). It extends from the
Mid-Atlantic Ridge located in the Azores in the west to the Strait of Gibraltar
in the east. The AGFZ traverses three distinct morphotectonic domains, namely
the Azores triple junction zone, the Gloria Fault (GF), and the southwest Iberian

Margin (SWIM), which experience di [erent kinematic and stress regimes. The GF is
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S =260 -24°

—26" -24" -22" -20° -18° -16" -14°

Figure 1.5: (A) Location of the study area in the Atlantic Ocean. (B) The Azores-
Gibraltar fracture zone (AGFZ) and its regional context. Red dots are epicenters
of M > 4 earthquakes from the International Seismological Center (ISC) for the
period 1970-2017. Focal mechanisms from the database compiled by Custédio et al.
(2016) (M = 5). Red line locates the seismic refraction and multichannel seismic
reflection profiles by Batista et al. (2017). SAFZ: South Azores fracture zone. (C)
The Gloria Fault. Red dots: M > 4 epicenters. Focal mechanisms (Custodio et al.,
2016 database) for earthquakes M > 5 (in gray) and M > 6 (in black, labels indicate
date and magnitude). White arrows: vectors from the relative NU-EU velocity field
as modeled by the neotectonic model of Neres et al. (2016). Yellow labels: Gloria
Fault segments and respective slip rates as inferred by Neres et al. (2016) (note that
the model allows for fault slip and continuum strain rate).
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a significant transform segment of the AGFZ and constitutes its central domain. It
encompasses a less well-known segment of about 900 km, which exhibits anomalous
deep structures that have been studied by scientists. The GF derives its name from
the Geological LOng-Range Inclined Asdic (GLORIA) sonar, which was the first
side scan sonar used to map large oceanic areas. The GF comprises three primary

segments, which combine to form a composite structure:

* Western Gloria, located between 24°W and 19°30° W, it strikes parallel to the
average direction of NU-EU motion, so this is essentially accommodated by

strike-slip faulting;

e Central Gloria, located between 19°30° W and 18°W, it jogs to ENE-WSW,
slightly oblique to the kinematic vectors and likely prone to some dextral trans-

pressive strain;

« Eastern Gloria, located from 18°W to 14°30° W, it strikes again parallel to the

NU-EU motion.

Morphologically, the GF is a depression that is approximately 20 km wide and has
a vertical o[set of over 1 km, with elongated basins between ridges that are also
elongated in an E-W direction (as shown in Figure 1.5 ¢). Recently, Batista et al.
(2017) investigated the crustal structure of the GF using N-S seismic profiles. They
found that the basins above the GF have a maximum depth of 1 km, and are bounded
by steep fault planes that dip at an angle of 75 degrees. The authors also observed

diLerknces in bulk sedimentation and tectonic deformation between the north and
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Figure 1.6: Poisson’s ratio model obtained from Vp and Vs models; L1 to
L5—modeled layers; contours are spaced 0.005. (Baptista L. et al., 2017)

south sides of the GF, which mark the Eurasian and Nubian plates. The northern
side is characterized by minor tectonic movements and a sequence of north-south
trending ridges that deflect to NNE-SSW as we move eastward. In contrast, the
ridges in the southern side of the GF are not as pronounced and are responsible
for most of the deformation associated with the GF’s strike-slip movement. The
authors also presented a five-layer Vp velocity model (L1-L5 in Figure 1.6) based on

wide-angle data analysis.

= L1 comprises both pelagic sediments and basaltic flows or volcanic sedimentary

complex;

e L2 (3 km thick) presents a basaltic composition normally referred to as oceanic

upper crust;

« L3 (5 km thick) is in agreement with a gabbroic composition normally referred

to as oceanic lower crust;

e L4 (4 km thick) was interpreted as partial serpentinization of the upper litho-
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spheric mantle;

e L5 corresponds to upper mantle.

Batista et al. (2017) conducted an experiment that revealed the thickness of the
crust in the Gloria Fault (GF) strike and the regions north and south of it. The
thickness of the crust in the GF strike was found to be approximately 8 km, while
the thickness toward the north and south was approximately 7 km. Despite being
considered a localized transform plate boundary, the seismicity record challenges this
assumption. Seismic activity is more significant in the Azores and southwest Iberian
Margin domains but less along the Gloria domain. The eastern Gloria segment has
the most seismic activity, while the western Gloria segment has almost no seismic
event. In addition, the recorded earthquakes’ epicenters do not follow the Gloria
trend but seem to be spread around it, possibly due to inaccurate localization of
events resulting from the long distance to the seismic networks and low azimuthal

coverage of the oceanic area.

1.4 20" century large earthquakes along the GF

The Gloria area has been the origin of di Lerknt large earthquakes (with a magnitude
higher than 7) in the 20" century which have been followed by small or moder-
ate tsunamis. In this thesis three large instrumental strike-slip events (M,, = 8:3,
November 25, 1941, My, = 7:9, May 26, 1975 and M,, = 6:8, January 1, 1980) that
have been recorded within the Gloria domain, all located very close to its morpho-

logical structure, and a dip-slip one, (Myy, = 7:9, February 28, 1969) which occured
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specifically in the vicinity of the Iberian Peninsula, outside the Gloria Fault, will be
analyzed. This suggests that large events/ruptures would preferably localize along
the main structure, irrespective of a possible more spread location of the small events

(Omira et al. 2019). They can be summarized by their main characteristics:

e The M,, = 8:3, November 25, 1941, occurred in the central segment of the GF
and was the largest strike-slip earthquake recorded until the M,, = 8:6 Suma-
tra earthquake in 2012. This caused a tsunami that was recorded by stations
in Portugal, Morocco, Madeira, and Azores islands, with a peak wave height of
0.7 m in Ponta Delgada. The significant magnitude of the earthquake suggests
a potential long rupture propagating across multiple segments, possibly ex-
tending to the western Gloria domain. The occurrence of such a large rupture
has been considered as a possible explanation for the low seismicity observed
along the GF, implying a locked and accumulating stress condition for a future

major event.

e The earthquake event on February 28, 1969, with a magnitude of M,, = 7:9,
occurred o[the coast of Portugal. It is the only dip-slip event considered in

this thesis, characterized by a thrust focal mechanism.

e The My, = 7:9, May 26, 1975, occurred approximately 100 km south of the Glo-
ria area. It resulted in a small tsunami, which was recorded by the Portuguese,

Spanish, and Moroccan tide-gauge networks.

e The My, = 6:8, January 1, 1980, with its epicentre between Terceira and
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San Jorge Islands. This earthquake caused damages in those islands but no

significative tsunami was recorded.

The spatial distribution of these significant events implies that the Gloria region does
not solely represent a single active plate boundary structure. Instead, it appears to
encompass a broader plate boundary zone characterized by distributed transform

motion across multiple fracture zones.



Chapter 2

Tsunami Alert Efficiency

Following the catastrophic tsunamis of the 21st century, namely the 26 December
2004 Sumatra M,, = 9:1 earthquake, which resulted in the loss of a quarter of
a million lives, and the 11 March 2011 Tohoku-Oki M,, = 9:0 earthquake, which
claimed the lives of around 18,500 individuals, there was a pressing need to coordinate
tsunami warning e [arts and minimize risk. As a response, the third United Nations
World Conference on Disaster Risk Reduction convened on 18 March 2015 in Sendai,
Japan, and adopted the "'Sendai Framework for Disaster Risk Reduction 2015-2030"

(‘Yahav, Salamon, 2022). This framework seeks to achieve the following objectives:

Enhance the understanding of disaster risk;

Strengthen disaster risk governance for e [edtive management of disasters;

Invest in disaster risk reduction for building resilience;

Enhance disaster preparedness for e [edtive responses, and to "Build Back Bet-

21
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ter" during recovery, rehabilitation, and reconstruction e [onts;

» Reduce disaster losses of lives and assets worldwide.

The primary objective of tsunami alert systems is to facilitate timely, precise, and
reliable management of tsunami warning communications, encompassing the entire
process from detecting a potential tsunamigenic earthquake to disseminating relevant
information to individuals residing in vulnerable areas. The goal is to ensure that
all individuals at risk receive prompt and accurate warnings, allowing them to take

appropriate actions to safeguard their lives.

2.1 Decision matrix

2.1.1 Tsunami Early Warning System and Threat Levels

The e [edtiveness of a Tsunami Early Warning System (TEWS) hinges on its ability
to deliver timely and accurate warnings to all regions susceptible to tsunami impact.
A crucial aspect of this e [edtiveness lies in the rapid identification of coastal areas
at risk. Therefore, all components of the TEWS must operate with high e [ciehcy
within a matter of minutes. This becomes particularly critical in regions with near-
shore tsunamigenic sources, such as Europe and the Mediterranean Sea. To address
this challenge, the Intergovernmental Coordination Group for the Tsunami Early
Warning and Mitigation System in the North-Eastern Atlantic, the Mediterranean,
and connected seas (ICG/NEAMTWS) has proposed the adoption of a decision-

making tool known as the "Decision Matrix" (DM). The DM focuses specifically on
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tsunamis triggered by earthquakes and relies on two key parameters: the magnitude
of the earthquake and the location of its epicenter. By utilizing this matrix, relevant
authorities can make informed decisions regarding the appropriate response measures
based on the initial characteristics of the tsunami event. Ideally, a tsunami alert
message should contain three essential pieces of information required by emergency
management agencies, following the Common Alerting Protocol (CAP) notation: ur-
gency, severity, and certainty (Tab. 2.1). Additionally, the al[edted area should be
clearly indicated in the message, listing the countries that are at risk. By incorpo-
rating these elements, the initial lines of a tsunami message would promptly convey
the fundamental information to the recipient, while further details of the threat
evaluation would be provided in the subsequent sections of the message. To ensure
e [edtive communication, the North-Eastern Atlantic, Mediterranean, and connected
seas Tsunami Information Centre (NEAMTIC) proposes two levels of threat for each
information instance: urgency, severity, and certainty. These levels enable a more
precise assessment of the imminent danger and help emergency management agencies

in making informed decisions and implementing appropriate response measures.

Level I (High) Level Il (Low)
Tsunami to arrive in Tsunami to arrive in

Urgency less than 2! hours more than 2% hours

) Tsunami wave height greater than Tsunami wave height less than
Severity 0.5m and/or tsunami run-up greater than 0.5m and/or tsunami run-up less than

im Im

) Tsunami confirmed b Tsunami not yet confirmed by

Certainty Y sea-level measurements, information based on

sea-level measurements .
seismic parameters only

Table 2.1: Levels of Tsunami Alert Parameters
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And for each level suggests the use of the following keywords to classify them:

Level definition for the 3 parameters

Level I (high) Level 11 (low)
Urgency Immediate More than 2 hours
Severity? Watch Advisory
Certainty Confirmed Not yet confirmed

Table 2.2: Definition of levels for the tsunami alert parameters.

In the table above, two levels are defined for each of the three parameters: urgency,
severity, and certainty. Level | (high) indicates the more critical or immediate con-
dition, while Level Il (low) represents a less severe or time-extended situation. The
urgency level distinguishes between an immediate response and a timeframe of more
than two hours. The severity level is categorized as a "Watch" for Level | and an
"Advisory" for Level Il. The certainty level specifies whether the tsunami has been
confirmed or is yet to be confirmed. After an earthquake event, the dissemination of
information through the Tsunami Early Warning System involves three distinct mes-
sage types, each indicating a di Lerent level of severity regarding the potential impact
of the tsunami (as detailed in Tab. 2.3). The initial message type, referred to as the
"information bulletin,” serves to notify the occurrence of a significant earthquake
(specifically, with a moment magnitude M,, > 5:5). Although the earthquake may
have triggered a tsunami, its expected magnitude is deemed insu [cieht (with wave
heights below 20 cm) to cause any significant damage within the specified distance
range. The subsequent message type, termed the "advisory bulletin," represents the

second tier of the NEAMTWS matrix’s tsunami alert system. It indicates an an-

INumber to be agreed upon the Intergovernmental Coordination Group, ICG
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ticipated impact along the coastline, with the potential for tsunami waves reaching
heights of 0.5 m in near-shore areas such as harbors and coastal channels. These ar-
eas may experience strong currents and the formation of bores. Additionally, onshore
regions might witness run-up heights of up to 1 m, which could result in localized
inundation of certain low-lying flat beaches. Finally, the highest level of alert is the
"tsunami watch,” issued when significant to catastrophic damage is expected. This
level of alert signifies the potential for loss of life, as tsunami waves exceed 0.5 m
in height, and extensive coastal inundation becomes a concern. In such cases, run-

up heights could surpass 1 m, posing a substantial threat to coastal regions (Tinti,

2012).
Message Type Tsunami Wave Effects on the Coast
Tsunami Watch Tsunami wave height greater than Coastal inundation

0.5 m and/or tsunami run-up
greater than 1 m
Tsunami Advisory Tsunami wave height larger than Currents, bores, recession,
0.2 m and/or run-up less than 1 m damage in harbours, small
inundation on beaches

Tsunami Information No tsunami threat

Table 2.3: Tsunami Message Types as Defined by the ICG/NEAMTWS in the 2010
OouG

2.1.2 Unified Tsunami Message Approach and Spatial Ranges in

the NEAM Region

In the NEAM (North-East Atlantic, Mediterranean, and connected seas) region, the
basin structure gives rise to varying levels of tsunami threats, making it impractical

to assign the same threat level to all countries. However, sending di [erent messages
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to diLerknt countries for the same tsunami event can lead to confusion. To address
this, it has been proposed a unified approach where all National Tsunami Warning
Focal Points (TWFP) in the NEAM region receive the same tsunami message. This
unified message will incorporate multiple types of messages within its body, including
tsunami watch, tsunami advisory, and tsunami information. To ensure clarity, the
header section of the tsunami message will present a sequence of pairs consisting of
message type and aledted area. These pairs will be arranged in decreasing order
of threat level. The overall type of the composed message will correspond to the
highest level of tsunami threat present in the region. Consequently, the message will
indicate that a certain coastal area in the NEAM region is susceptible to that specific
type of tsunami threat. Hence, a Tsunami Watch message will encompass Tsunami
Advisory and Tsunami Information types of messages within it. Similarly, a Tsunami
Advisory message will include a Tsunami Information type of message. The specific
areas aledted by each level of tsunami threat are defined in the Decision Matrices
established and agreed upon by the Intergovernmental Coordination Group for the
Tsunami Early Warning and Mitigation System in the North-Eastern Atlantic, the
Mediterranean, and connected seas (ICG/NEAMTWS). These matrices delineate the
spatial ranges of tsunamis and the corresponding areas under threat. In particular
Tab. 2.4 presents the three spatial ranges of tsunamis: Local, Regional, and Basin.
The corresponding distances for each range are specified for both the Mediterranean

and NE Atlantic regions.
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Tsunami Range Mediterranean NE Atlantic
Local < 100 km < 100 km
Regional 100 km to 400 km 100 km to 1000 km
Basin > 400 km > 1000 km

Table 2.4: Tsunami Spatial Ranges.

2.1.3 The Role and Significance of the Decision Matrix in Assessing

Tsunami Threat Levels

The Decision Matrix plays a vital role in assessing and communicating the threat
level associated with tsunamis generated by earthquakes and, as said before, focuses
on two essential parameters: the magnitude of the earthquake and the location of
its epicenter, which enable the categorization of tsunamis into distinct threat levels.
These threat levels serve as valuable indicators for emergency management agencies
and relevant authorities, aiding in the prompt determination of appropriate response
measures and the issuance of suitable warnings to the coastal regions at risk. The
magnitude of the earthquake provides insights into the energy released during the
seismic event. It helps in assessing the potential size and strength of the resulting
tsunami waves. Additionally, the location of the epicenter allows for the evaluation
of the proximity of the tsunami source to the vulnerable coastal areas, providing
valuable information regarding the potential impact on these regions. Through the
utilization of the DM, emergency management agencies can e Lciehtly prioritize their
response e Lants based on the threat levels identified. This structured approach en-
sures that resources are allocated appropriately, enabling swift and e [edtive actions

to mitigate the potential impact of tsunamis. Overall, the Decision Matrix serves as
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an essential tool in the comprehensive assessment of tsunamis, enhancing the early
warning and preparedness systems in the North-Eastern Atlantic, the Mediterranean,

and connected seas region. In Table 2.5 the last DM for the NE Atlantic proposed

is shown.
Decision Matrix for the NE Atlantic
Depth |Epicentre |Earthquake | Tsunami Type of tsunami message
(km) Location Magnitude Potential Local Regional | Ocean-wide
(Mw)
Weak potential for a
Offshore or | 55 5 and <7.0 destructive local Advisory | Information | Information
closetothe | ~ | Tsunami
coast
(£40km Potential for a
Inland) >7.0 and <7.5 | destructive local Watch Advizory | Information
<100km Tsunami
Potential for a
Offshore or | 57 5 and <7.9 | destructive regional | Watch Watch Advisory
close to the Tsunami
cg;’gék Potential for a
I(_l d 11 >79 Destructive ocean- | Watch Watch Watch
niand) Wide tsunami
Offshore or _ :
>=100km Inland 555 No tsunami potential | Information | Information | Information
(£100km
Inland)

Table 2.5: Decision Matrix for the North-East Atlantic Ocean. Version proposed by
the ICG/NEAMTWS in November 2011. “Loc”, “Reg” and “BW" stand for “Local”,
“Regional” and “Basin-Wide” tsunami. “A”, “I” and “W” stand respectively for “Ad-
visory”, “Information” and “Watch” and specify the type of bulletin.

2.2 Problems of the application of the DM for the events

along GF

The application of a decision matrix for tsunami events to the Gloria Fault (a strike-

slip fault) can pose several challenges and limitations. Some of the potential problems
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include:

1. Lack of historical tsunami data: The Gloria Fault may not have a well-documented
history of generating tsunamis. Since most decision matrices rely on historical
data to assess the potential impact of a tsunami, the absence of such data for

the Gloria Fault can limit the accuracy and reliability of the matrix’s results.

2. Uncertainty in fault behavior: The behavior of the Gloria Fault in relation
to generating tsunamis may not be well understood. The fault’s predominant
slip motion being strike-slip can potentially reduce the vertical displacement of
the seafloor, which is a crucial factor in generating significant tsunamis. This
uncertainty can aledt the applicability of the decision matrix, as it may not

account for the specific characteristics of strike-slip faults.

3. Incomplete understanding of local tsunami sources: Tsunamis can be generated
by various sources, including earthquakes, landslides, and volcanic activity.
While the Gloria Fault is primarily known for its strike-slip motion, there
might be other local sources of tsunamis in the region that are not adequately
considered in the decision matrix. Neglecting these additional sources can lead

to incomplete risk assessment.

4. Di Lculty in predicting tsunami characteristics: Tsunami generation, propaga-
tion, and inundation are complex phenomena influenced by several factors such
as fault geometry, bathymetry, and coastal topography. The application of a

decision matrix assumes accurate prediction of these characteristics, which can
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be challenging for a specific fault like the Gloria Fault due to limited data and

uncertainties in the associated parameters.

5. Context-specific considerations: Decision matrices for tsunamis are often de-
signed based on general characteristics of subduction zone earthquakes and
associated tsunamis. The Gloria Fault, being a strike-slip fault, may require
specific modifications or adjustments to the decision matrix to account for
the unique characteristics and potential di Lerknces in tsunami generation and

propagation.

Overall, applying a decision matrix designed for tsunamis to the Gloria Fault, a
strike-slip fault, requires careful consideration of these limitations and potential dis-
crepancies. It is crucial to incorporate the specific characteristics and uncertainties

associated with the fault to ensure accurate and reliable risk assessment.



Chapter 3

MIRONE and Shallow Water

Equations

Mirone (Luis, 2007) is a widely used open-source software package that provides a
versatile set of tools for visualizing, manipulating and analyzing various types of grid
data, such as bathymetric and topographic data, satellite imagery, and geophysical
data. It also includes modules for tsunami modeling, which can be used to simulate
the propagation of tsunamis caused by earthquakes, landslides, or other sources. The
tsunami modeling module in Mirone implements the finite-di Lerknce method and can
be used to simulate tsunamis on a global or regional scale. The software allows the
user to specify the source characteristics, including the location, magnitude, and
orientation of the earthquake, as well as the bathymetry and topography of the
aledted region. The resulting tsunami waveforms can be visualized in various ways,
including as time series, travel-time maps, and inundation maps, which can be used

31
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to assess the potential impact of tsunamis on coastal communities and infrastructure.
Mirone is a powerful tool that enables researchers and practitioners to explore and
analyze grid data in a user-friendly and e Lcieht way, and to simulate and visualize

the e [edts of tsunamis in di[erknt scenarios.

3.1 Mirone in this case of study

In the case of study of the 20th century events along the Gloria Fault the package
was used considering the focal mechanisms of the tsunamis in exam. In particular

the procedure followed was:

« Select the event to model and add the location of the stations in which there

are records;

« Find in the literature the values of magnitude and the focal mechanisms that

generated the event;
e Draw the fault in the spatial grid and add the values of interest;

e Compute the coseismic deformation of the sea bottom caused by the earthquake

with the Okada (1985) equations;

= Consider that the water is incompressible and assume that the inital sea surface

elevation (at time t=0 s) mimic this ocean bottom deformation;
* Model the event;

e Compare the modeled values with recorded values (if present).
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3.2 Preparation of the tsunami simulation

For the determination of the single scenarios for DTHA (Deterministic Tsunami Haz-
ard Assessment) and computation of tsunami propagation and impact for each sce-
nario the benchmarked numerical code NSWING (Non-linear Shallow Water Model
with Nested Grids) (Miranda et al., 2014) has been employed. In order to conduct
a numerical modeling of a tsunami, various information and data are required. The
life of a tsunami can be categorized into three distinct stages: Generation, Propaga-
tion, and Inundation. Similarly, numerical simulations of tsunamis follow the same
sequence. The investigation begins by identifying the specific regions responsible
for generating tsunamis and collecting data pertaining to the Typical Faults (TFs),
which represent an average geometry for the finite-fault input in the tsunami sim-
ulation (Lorito, 2008). Subsequently, these parameters are utilized to compute the
initial sea surface elevation, which serves as the initial condition for initializing the
numerical model. The geographical region under investigation must be reconstructed
as a Digital Elevation Model (DEM), encompassing detailed information regarding
the bathymetric characteristics. To accurately represent the coastal regions, it is es-
sential to acquire high-resolution DEMs in close proximity to the coast. Depending
on the spatial extent between the tsunami source and the study area, a system of
interconnected nested grids is employed to ensure an appropriate resolution within
the study area. This paragraph provides a comprehensive description of these stages,
elucidating the methodology employed in this thesis. The following steps are carried

out to launch the NSWING model: (i) Computation of the initial condition, (ii)
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Preparation of the DEM covering the oceanic path between the source area and the
study area, (iii) Implementation the DEM in a system of nested grids, (iv) Choice
of the physical quantities to describe the tsunami impact in the study area: run up,

flow depth, maximum inundation distance, and launch the simulation.

= (i) Computation of the initial condition: Firstly, it is necessary to delineate the
seismic conditions encompassing the fault parameters responsible for inducing
tsunamis. This entails an understanding of the geographical regions suscepti-
ble to tsunamigenic earthquakes and their associated Typical Faults (TFs), as
documented in the works of Miranda et al. (2008) and Omira et al. (2009).
Comprehensive analysis of all potential earthquake sources is vital, necessitat-
ing the utilization of parameters derived from the most recent publications.
The initial condition is calculated using the model introduced by Okada (1985)
integrated within the Mirone suite. The designated fault is delineated on the
parent grid. The parent grid used in this work spans from -30.2542° W to
-3.3358° W longitude and from 30.3601° N to 50.82970° N latitude, encompass-
ing all areas prone to tsunamigenic events, including the open ocean and the
study area. The outcome of the initial condition computation is saved as a
finite grid file with identical spatial extents as the parent grid. Once the initial
conditions for all Typical Faults (TFs) are computed, they are stored in a des-
ignated folder to be utilized in the subsequent launch of the NSWING model.
Further elaboration on the theoretical foundation underpinning the modeling

of the initial condition can be found in a qualitative manner in section 3.3.
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 (ii) Definition and launching of the tsunami simulation: The successful ex-
ecution of a tsunami simulation necessitates the appropriate preparation of
NSWING operational files and the files mentioned in the preceding section
(). To facilitate this, an executable batch file must be modified to enable
NSWING to access the previously prepared files. Moreover, additional opera-
tors are incorporated to calculate desired information during the simulation. In
this particular study, a list in DAT format containing geographical coordinates
corresponding to the virtual tide gauge positions has been prepared. NSWING
reads this file and records the free surface elevation at these designated points
at specific time intervals. This enables subsequent waveform analysis and fa-
cilitates comparisons with existing records. The process of simulating tsunami
propagation and inundation is detailed in the following subsections, outlining

the computational procedures involved in these aspects of the study.






