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Abstract Tsunamis in the Mediterranean Sea have been increasingly investigated recently due to past
destructive events. We present a novel operational approach for evaluating tsunami-induced inundation,

based on a generalization of Green's law and a chain of intermediate and small-scale simulations. At the
intermediate level, simulations with a linear solver are made to identify the distribution of a novel parameter,
namely a, condensing all nearshore wave transformations other than shoaling. a represents a proxy for coastal
susceptibility to the tsunami impact. Small-scale modeling of coastal flooding performed at locations for which
a DTM is freely available, at the Esaro river estuary (Calabria) and in Bari (Apulia), yields inundation levels
that compare well with those obtained via intermediate-scale modeling, with a saving in computational time of
about 41%. This demonstrates the value of a to “scale” the offshore wave input and reduce computational effort
to evaluate flooding at regional scale.

Plain Language Summary An interest in studying the consequences of tsunamis has arisen also for
the Mediterranean Sea in the last decades. In this manuscript we present a method for the evaluation of potential
coastal inundation caused by the impact of tsunamis. The method exploits a chain of numerical simulations of
wave propagation to move the tsunami from the source region down to the investigated coasts. The inundation
estimate makes use of a simple parameter, named «, devised to encapsule all the transformation processes the
tsunami undergoes in its travel from intermediate waters to the coastline. We apply the method to portions

of the southern Italian coast with a prototype tsunami event, and we see that inundation levels achieved with
faster, small-scale simulations compare well with those obtained with longer, intermediate-scale simulations.
The method can be helpful as an implementation in recent tsunami warning systems developed to warn coastal
communities on impending threats.

1. Introduction

The Mediterranean Sea has been subjected since millennia to the action of tsunamis (Ambraseys & Synolakis, 2010;
Maramai et al., 2014), yet research interest has seen a boost only recently, in the aftermath of catastrophic events
like the Indian Ocean, 2004 (Lay et al., 2005) and Tohoku, 2011 (Mori et al., 2011) tsunamis. The high level of
seismic activity characterizing the Mediterranean basin and the ubiquity of coastal communities thriving along its
coasts spark the need for studies devoted to characterize tsunami propagation within the Mediterranean Sea and,
ultimately, their impact on coastal vulnerability. However, recent applications of vulnerability and risk assess-
ments usually take into account important hydrodynamic variables, for example, sea-level rise, wave height, tide
range (Bonaldo et al., 2019; Da Lio & Tosi, 2019; Hzami et al., 2021), but disregard the potential contribution of
tsunamis (Anfuso et al., 2021; Chaib et al., 2020).

The potential coastal risk induced by a tsunami wave is function of its energy, which depends on the processes the
tsunami experiences while it approaches the coast, for example, shoaling, refraction, diffraction. Since tsunami
waves of similar intensity may present significantly different features when propagating over different bathym-
etries (Madsen et al., 2008; Satake, 1988), tsunami-seabed interaction is fundamental for a proper modeling of
long wave evolution and impact. This consideration has sparked our search for an unified modeling approach to
effectively consider bathymetry-related processes in tsunami modeling, while conserving general applicability,
scientific soundness and ease of execution.

This work presents a methodology to model and predict tsunami-induced coastal inundation. At the core of this
methodology is a semi-analytical approach, which combines theoretical grounds and nearshore hydrodynamic
modeling to encase the effects of all tsunami transformations into a single, easily understandable parameter.
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Similarly, a two-step approach obtained by combining 2D simulations (up to 5-10 m depth) and analytical theory
(up to the coast) has been implemented to estimate tsunami runup heights (Choi et al., 2011). Additionally,
specific analytical formulations exist for runup height, aiming at a quick estimate of the tsunami-induced coastal
inundation (e.g., Madsen and Schaeffer (2010); Park et al. (2015)).

To scale the inputs of the procedure from basin-level down to local coasts, a modeling chain concept is applied,
as already done in several coastal applications with good results (Federico et al., 2017; Gaeta et al., 2018; Postac-
chini et al., 2019; Postacchini & Ludeno, 2019). Practical examples of the methodology are finally given for
selected coastal areas (Esaro river estuary, Calabria, and Bari, Apulia) exposed to tsunami waves approaching
perpendicularly and obliquely, respectively. The method is application-oriented and is meant to support stake-
holders and coastal managers as a tool for the evaluation of tsunami risk potential.

The modeling chain and the proposed semi-analytical approach are described in Section 2. Results are given in
Section 3 and discussed in Section 4, along with concluding remarks.

2. Methods
2.1. Modeling Chain

A conceptual map of the modeling chain is given in Figure 1. The first step of the procedure is tackled with a
realistic approach: a tsunami wave is generated at a hypothetical earthquake epicenter located in the Hellenic arc,
notoriously the most seismically active region of the Mediterranean Sea (Figure 2). The initial surface displace-
ment then propagates across the basin in a large-scale modeling, to infer realistic tsunami front directions at inter-
mediate depths in front of the coasts of interest. An extraction depth of 50 m has been chosen in this application.

In the second step, a set of numerical simulations is run (intermediate-scale modeling), in which tsunami-like
waves are propagated from intermediate waters to the nearshore region in front of the southern Italian coasts
(Apulia, Basilicata, Calabria, Sicily; orange outline in Figure 2), which are the most prone to inundation from
tsunami waves generated in the Hellenic arc (Maramai et al., 2021). The purpose of intermediate-scale mode-
ling is to gather an along-coast distribution of a parameter named «, devised to serve as a proxy for the several
processes (e.g., shoaling, refraction, diffraction) that the modeled tsunami, given a propagating direction derived
from the previous large-scale modeling, will undergo during its propagation from intermediate to shallow waters.
Since a is clearly dependent on the direction of the approaching tsunami front, distributions of @ have been
evaluated for two significant conditions. Besides evaluating « from realistic tsunami directions inferred from the
previous large-scale modeling, also @ from perpendicularly approaching tsunami fronts have been considered as
an extreme, largely conservative case in which dissipation from refraction is minimal under the hypothesis of
very long waves.

After the parameter distributions are obtained, values of a are used in the third step as a “scaling factor” to
transport the properties of the tsunami wave from intermediate depths (i.e., the wave used as input for intermedi-
ate-scale modeling) up to shallow waters, as described in Section 2.4. The so-scaled wave, which is now assumed
to have undergone all the transformation processes represented by a whether for a conservative or a realistic
approach, is used as an initial condition for a small-scale modeling to finally get an estimate of coastal inundation.

2.2. The Analytical Solution: Green's Law Generalization

Lalli et al. (2019) have proposed a semi-analytical approach to characterize the transformation process of tsuna-
mi-like long waves over general bathymetries: the approach involves a generalization of Green's law (Dean &
Dalrymple, 1991) with a generalizing parameter a:

1/4
H =aHo<§) M

1

where H and d,, are the wave height and depth at an offshore location (or in deep water), and H, and d, are the
respective values at a location closer to the shore. a is to be evaluated empirically with the use of suitable numer-
ical simulations of long wave propagation over the complex bathymetry of interest. a is calculated as
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Figure 1. Conceptual scheme of the modeling chain.
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Figure 2. Map of the central Mediterranean Sea. The Italian coasts chosen for the evaluation of a (orange outline), location
of the Esaro river estuary and Bari (green circles) and the epicenter of the prototype tsunami event (red star; Stiros (2001)) are
shown.

MELITO ET AL. 30f 12



~1
A\J 1

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL098422

a = = (2)

where @, is the time-cumulative energy flux of the long wave evaluated at any given depth d,, and @, is the flux at
an offshore location d,,. & can be considered as a proxy of how much the tsunami energy flux changes as it travels
from the deep sea to shallow waters, by virtue of processes other than pure shoaling. The linear approximation
of the specific energy flux is

® = gdn|V| 3
where 7 is the surface elevation, d is the undisturbed water depth, and V is the depth-averaged fluid velocity.

In a sense, a is similar in concept to the classical refraction coefficient adopted to model the change in wave
height due to refraction. However, it assumes a much broader meaning when evaluated by numerical modeling, as
it also encompasses every contribution to long waves transformation other than shoaling, for example, reflection,
diffraction and other interactions with natural obstacles and artificial structures.

2.3. The Shallow-Water Model

The o parameter of Equation 2 is numerically evaluated with flux data from numerical simulations of long wave
propagation at an intermediate-scale. Simulations are performed using the model SASHA (Staggered ANPA
SHallow wAter; Lalli et al. (2001); Lalli et al. (2010)), which solves the shallow water equations with a finite
difference scheme deployed on a staggered Cartesian grid. Such equations represent the conservation of mass
and momentum:

0
’7+0U+0V

0,
Jat  ox dy )

0 (U*/h
ou  0(U/h) owv/h) _

an d du 0 dv  du
= —gn! 2-( h—) 2 un (L +2)| - Ry,
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ady dy

The term p, assumed constant, includes both molecular and eddy viscosity components; F, and F, represent fric-
tion factors. u and v are depth-averaged horizontal velocities in the x and y directions; 4 is the total water depth
and U = hu, V = hv. Finally, the total local water depth is approximated with the undisturbed depth (4 = d), so that
U ~ hu and V = hv. Further details and applications can be found in Lalli et al. (2001, 2010, 2019).

Intermediate-scale simulations in SASHA have been performed for each subdomain into which the southern Italy
coastlines has been divided into (Figures 5a and 5b). An absorbing layer, whose length is equal to half the length
of the input prototype wave, has been placed at the landward edge of the modeled region to dissipate the residual
wave energy once the long wave has trespassed the 5 m depth isobath. Sponge layers have also been placed at the
seaward and lateral sides of the domain to absorb spurious reflected waves.

On the basis of preliminary tests, input waves have been set up at the offshore boundary of each domain and
then propagated between 50-m and 5-m depths, bearing in mind that SASHA is implemented in linearized form
in the present work and its results are independent of the wave height imposed at the offshore boundary (Lalli
et al., 2019). The nearshore cumulative energy flux ®; is estimated with Equation 3 after the whole wave has
traveled through the 5 m isobath, assumed as the closure depth of the beach, and finally used to evaluate a by
means of Equation 2.
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Figure 3. Configuration and output of a typical intermediate-scale simulation with SASHA; (a) numerical domain. The 5-m
isobath (red line) and the limits of the sponge layers (gray lines) are shown; (b) H,/H,, at the 5 m isobath, modeled by SASHA
(blue line) and evaluated with Equation 1 (red line); (c) distribution of modeled a along the 5-m isobath.
An example of the setting and output of a typical intermediate-scale simulation with SASHA is given in Figure 3
for the Gargano headland (Apulia) for a prototype wave approaching perpendicularly to shore. Figure 3a shows
the bathymetry over which the input wave propagates and the 5-m isobath at which the energy flux is calculated
(red line). Figure 3b shows the ratio H,/H, as directly modeled by SASHA (blue line) and as evaluated semi-an-
alytically with the generalized Green's law (red line). A good correspondence of the two curves gives confidence
in the method. Values of a along the 5-m isobath are given in Figure 3c.
2.4. Methodology for the Assessment of Flooding
The distribution of o along any given coast is employed to “scale” the tsunami wave properties, that is, to evaluate
its height and length in shallow waters (depth d, = 5 m), once the height at intermediate depth (d, = 50 m) is
known. A conceptual scheme of the scaling process to move intermediate-scale wave input toward shallow depths
is given in the bottom panel of Figure 1.
The shallow-water wave height H, is first calculated by Equation 1, with « taken as the mean value @ along the
coastal stretch being investigated:
1/4
H1=EH0<@> . @)
di
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Under the commonly assumed hypothesis that the wave period is conserved between d, and d, the shallow water
wave length L, is calculated by the definition of the solitary wavenumber provided in Madsen et al. (2008):

272‘ d1
L=—=4d\/— 8
1 k] o 3H0 ()

where k, is the wavenumber of the solitary wave in shallow waters. L, is therefore taken as the tsunami wave-
length at depth d,. A solitary wave characterized by wave height H, and length L, is finally applied as initial
condition at depth d,, to be used for the shallow-water simulation for the evaluation of shoreline motion and
coastal inundation.

3. Results

3.1. Large-Scale Modeling: Tsunami Propagation in the Mediterranean Sea

One of the most catastrophic seismic events in the history of the Mediterranean Sea occurred in 365 A.D
(Stiros, 2001), with epicenter to the West of Crete island, in the Hellenic arc (the red star in Figure 2). A simple
numerical recreation of this tsunami is considered in our application, to evaluate the global impact of a typical
tsunami on southern Italian coasts and estimate the main approach direction of the long wavefront. Although the
main focus of our work is to define a semi-empirical procedure based on a linear solver and illustrate its appli-
cation, a preliminary modeling with the renowned nonlinear solver FUNWAVE-TVD (Shi et al., 2012) is made
on a basin level.

In line with other works (e.g., Molinari et al. (2016); Gibbons et al. (2020)), a Gaussian hump has been used to
model a prototype tsunami originating in the west Hellenic arc. The hump has a maximum height of 5 m, while its
major axis has an orientation of 45°N to follow the direction of the local underwater fault. These simple shape and
orientation have been chosen for applicative purposes; other solutions for seabed or surface initial displacements,
like those by Mansinha and Smylie (1971) and Okada (1985), are valid albeit more complex alternatives. The
numerical grid covering the central part of the Mediterranean Sea has been built using bathymetric data available
at the online platform GEBCO (Weatherall et al., 2015).

Figure 4 illustrates the maximum modeled water elevation in the central Mediterranean Sea. The output of such
typical scenario is used to identify the propagation direction of the tsunami wave in front of the coasts of interest,
at 50-m water depth, that is, the offshore location where intermediate-scale modeling is initiated. Figure 4 shows
that portions of the Apulian and Sicilian coasts experience the most angled waves, that is, respectively, inclined
of ~60° with respect to the direction orthogonal to the coast and almost parallel to the coast (Figures 4a and 4b).

3.2. Intermediate-Scale Modeling: a Distribution Along the Southern Italian Coasts

The parameter o has been computed along the Italian coasts by subdividing the interested coastlines into a
number of domains of variable cross-shore and longshore sizes, generally in the order of 100-200 km and grid
size of 150 m. The bathymetries have been smoothed with a median filter to remove spikes and ensure a smooth
wave transformation. Two different approaches have been used to evaluate a: (a) the realistic case, for which the
tsunami directions are inferred from the previous large-scale modeling, and (b) the conservative case, for which
the tsunami always approaches perpendicularly to the coast.

Figures 5a and 5b shows the domains used to evaluate a in the case of realistic tsunami fronts inferred from basin-
scale modeling. The a distribution along the investigated coasts is given in Figures 5c¢ and Se for realistic tsunami
waves. The values of a have been evaluated from the outcome of intermediate-scale simulations with SASHA:
small and high values of a are indicative of low tsunami impact (small residual energy flux at 5 m depth) and high
tsunami impact (high residual energy flux at 5 m depth), respectively.

The smallest values of « are observed in areas that are less exposed to the action of a tsunami approaching at a
realistic angle, due to their favorable geographical location. The coast north of the Apulia Region (Figure 5c) is
characterized by small values of a (<0.4), as it is protected by the Gargano Promontory, which is in turn much
more susceptible to tsunami energy (a > 1). A similar behavior is observed in Sicily (Figure 5e), whose southern
and western coasts (¢ < 0.4) are more protected than the eastern coasts (¢ = 1). The whole Calabria coast is
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Figure 4. Map of the maximum water level modeled by FUNWAVE-TVD for a prototype tsunami originated from the
Hellenic arc, west of Crete Island (red star). The modeled directions of approach of the tsunami wavefront (red lines and
arrows) for Apulia and southern Sicily are highlighted in panels (a and b). Black vectors represent the modeled tsunami wave
velocity fields.

highly impacted by the tsunami wave, with a =~ (0.8—1) almost everywhere and the most exposed area being the
Taranto Gulf. Less impacted is the Adriatic Apulia coast, with a =~ (0.5-0.6) on average, while the southernmost
part of Apulia is highly exposed (a ~ 1).

The same distributions of « for the conservative case (normal-to-coast tsunamis) are shown in Figures 5d and 5f.
Such conservative scenario differs the most from that with realistic tsunami wave approach (Figures 5c and 5e) in
the Sicilian and Apulian coasts. The latter ones are the mostly exposed to the hazard of normal-to-coast tsunamis,
with @ ~ (0.9-1) and above. This is due to the wide, gentle bathymetric slopes in front of the Apulian shores,
which lead to enhanced shoaling when the tsunami approaches perpendicularly, in contrast to the more irregular
seabed configuration in front of southern Sicily (Figures 4a and 4b).

3.3. Small-Scale Modeling: Nearshore Propagation and Flooding

As illustrative examples, a from the intermediate-scale modeling campaign with realistic and normal-to-coast
input waves are exploited to model flooding levels in two regions of southern Italy: the Esaro river estuary
(Calabria) and Bari (Apulia). The chosen locations are characterized by urbanized settings with industrial, resi-
dential and recreational areas, and are thus representative of typical Italian coastal environments. Due to the
geographical location of the Esaro River estuary (Figure 2), tsunami waves mainly approach the coast perpen-
dicularly, and the small-scale modeling may be thus applied using the conservative case. On the other hand,
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Figure 6. Coastal areas (a) around the Esaro River estuary, and (b) around Bari used as numerical domains for the small-
scale modeling, and comparison of shorelines simulated with the tested approaches: initial shoreline (black line), maximum
inundation of a 2-m solitary wave at a 50-m depth (red line), maximum inundation of the a-scaled solitary wave imposed at
5-m depth (green line).

the Bari coastline is approached by the prototype tsunami in an oblique fashion (Figure 4a) and is thus taken as
representative of the application of a from the realistic case.

Shallow-water, small-scale coastal modeling is performed using FUNWAVE-TVD on computational domains
with a maximum offshore depth of 5 m (i.e., the depth at which « is evaluated). The definition of wave input for
these simulations implements the concept of « as a proxy of seabed-induced effects; that is, the wave form used
as input for intermediate-scale modeling (50 m) is “scaled” through « to reduce it at 5-m depth. The “scaled”
wave input is then applied as an initial condition of water surface displacement at a water depth 5 m and used to
evaluate coastal flooding. The scaling is performed with the formulas given in Section 2.4. With the use of a, all
bathymetry-related dynamics influencing the solitary wave height (shoaling, refraction, diffraction) are included
when transporting wave data from intermediate to shallow waters. This application allows us to show that a good
representation of tsunami-induced inundation can also be achieved with input data from simpler, linear tools and
semi-analytical concepts.

We assume that the tsunami height at d; = 50 m is H; = 2 m. Provided that the mean values of « are 0.853 for
the Esaro case and 0.59 for the Bari case, the “scaled” input waves to be imposed at d, = 5 m depth would have
a wave height H, = 3.03 m for the Esaro case and 2.13 m for the Bari case. The wavelength is L, = 573.57 m for
both cases.

We make a comparison of coastal flooding levels obtained with the two previously mentioned approaches: (a)
intermediate-scale simulation on a 25 X 25 m grid with a 2-m solitary wave at offshore depth 50 m, and (b) small-
scale simulations on a 15 X 15 m grid with the “scaled” waves at offshore depth 5 m. Figure 6 shows maximum
shoreline motions for both approaches in the two tests. The modeled shorelines are overall in good agreement,
although some discrepancies are seen in the flattest regions of the investigated coasts. This lends support to a
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fruitful use of « as a tool to move modeling efforts toward smaller scales once offshore tsunami data are known,
by either observation or previous modeling. In these applications, the small-scale simulations achieved a reduc-
tion of about 41% in computational time with respect to intermediate-scale simulations.

4. Discussion and Conclusions

The method here proposed can be profitably used from an operational point of view, by end-level users in the field
of coastal protection and structure design. The parameter « can serve as support for coastal design and decision
making by allowing for varying levels of prudence. « established with normal-to-coast fronts can be assumed as
“universal”, conservative values pertaining to the capability of a given seabed configuration to alter the potentiel
tsunami hazard, since the front direction does not enter as a variable and only bathymetry-related effects are
accounted for. This approach is particularly useful when deep sea tsunami information is scarce or unreliable,
or when the evaluation of the general protection capacity of a coastal stretch is of interest. Conversely, when
specific, low-cost protection strategies are required, a evaluated with a realistic wave angle allows one to account
for the effects of both tsunami direction and bathymetry. Use of oblique wave fronts is also desirable for studies
involving indented coasts, where effects of wave sheltering and complex refraction might be important. In coasts
where differences in a pertaining to normal-to-coast versus realistic tsunami fronts are relevant (like the Adriatic
coasts of Apulia and the southern coasts of Sicily), values of a from both approaches might be considered to
account for different levels of design safety.

The proposed applications, moreover, show that once « is available in a specific coastal area, inundation can be
evaluated by running only a small-scale simulation over the coast of interest, while pre-defined information (e.g.,
wave direction and @) are known beforehand to speed up the whole forecasting process. The method allows for
the down-scaling of the computational effort toward the small regional scales once information from a relatively
coarser basin-scale simulation is available. This favors a fast (order of a few minutes) yet reliable deterministic
first estimates of tsunami impact (Selva et al., 2021). A reliable estimate will also reduce underestimation of
tsunami impact and fatal missed alarms, as occurred during the 2011 Tohoku tsunami event (Makinoshima
etal., 2021).

Although the effect on the runup of different tsunami-wave forms is worth of investigation (e.g., Madsen
et al. (2008); Madsen and Schaeffer (2010)), we have chosen a solitary shape both for simplicity sake and for its
use in empirical runup models (Park et al., 2015) and in early warning systems when the tsunami wave shape is
unknown (Didenkulova et al., 2008).

The modeling chain has its starting point in the definition of a prototypical tsunami based on a real, catastrophic
event: in the framework of tsunami risk assessment models, the procedure proposed here is thus similar to a
worst-case plausible scenario. The analysis of a limited number or even single scenarios, as performed in our
work, may be put in tandem with previous probabilistic hazard assessments (like those described in Tonini
et al. (2021) and Selva et al. (2021)) in the perspective of narrowing tsunami variability down to a range of most
probable parameters.

Fundamental to the semi-empirical implementation of the Green's law given here is the explicit consideration of
the effects of bathymetry over the deformation of the wavefront and, eventually, over tsunami impact. Bathym-
etry effects are inherently neglected in non-probabilistic procedures for tsunami-related alert states like deci-
sion matrices (Selva et al., 2021), and circumvented by end-to-end forecasting methods like neural networking
(Makinoshima et al., 2021). On the other hand, probabilistic methods deal with the unknown effects of bathyme-
try only with varying uncertainty bounds on forecast results (Selva et al., 2021).

We aim at improving the methodology further by tackling other sources of uncertainty, like fault orientation and
the subsequent main direction of propagation (Selva et al., 2021).

Data Availability Statement

A data set including input and output data for the presented simulations is available at the Zenodo repository
referenced in Melito et al. (2022). Version 3.6 of the software FUNWAVE-TVD has been used for hydrodynamic
modeling; the model is in the public domain and can be downloaded at the following page: https://github.com/
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